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ABSTRACT 
The identification of 'water' (i.e., Off, H+, H20) as a trace element at defect 
sites in nominally anhydrous minerals (NAMs) has drastically changed the concept of 
water storage in the mantle and crust. Water, even at ppm level, is demonstrated to 
have dramatic effects on propagation of seismic waves, conductivity and rheology of 
minerals. It has been revealed, experimentally and in natural rocks, that water is 
incorporated 111 NAMs by different substitution mechanisms; however, the 
concentration of water in NAMs and in the different substitutions in particular, has 
remained, to this point, undiscovered. This is due to the lack of a general infrared 
calibration that can provide reliable and easily obtainable quantitative results. The 
reason for this lack of an effective method is twofold: 1) it was difficult to determine 
total absorbance, and 2) there was no general calibration factor that could relate the total 
absorbance to the absolute concentration of water. 
In my thesis a new infrared method has been developed for estimating the total 
absorbance in anisotropic minerals with unpolarized light, thus making analysis much 
easier. The total polarized absorbance is three times the average unpolarized 
absorbance, if the measurements are taken from randomly oriented mineral sections. 
The absolute and independent water concentration has been determined by secondary 
ion mass spectrometry (SIMS), analysing 160H!3°si ratios. The SIMS has been 
calibrated against synthetic glasses and minerals with a wide range of chemical 
compositions, in order to consider possible matrix effects that may corrupt the results. 
The total absorbances in some selected minerals have been cal ibrated against the SIMS 
concentrations to determine calibration factors for the different substitution mechanisms 
in ol (and opx). Through this approach, it has been revealed that the only available 
calibration factor for olivine cannot be applied to all substitutions. In fact, the different 
substitution mechanisms have considerably different calibration factors: [Si] = 
0.572±0.041; [Ti] = 0.182±0.067; [trivalent] = 0.178±0.049 and [Mg] = 0.03±0.03. 
This development has the potential to provide a more accurate and general tool for 
quantitative infrared spectroscopy of water in ol. 
The different substitution mechanisms were studied experimentally by 
conducting a series of experiments in chemically simple systems at different pressures 
and temperah1res to monitor the effect of physico-chemical parameters on the 
incorporation of water. It is demonstrated that the buffering mechanism (chemistry) 
seems to play at least as important role as pressure and temperature. The solubility of 
vr 
water m both olivine and orthopyroxene increases with increasing pressure, while 
temperature alone enhances the incorporation of water in orthopyroxene. There is a 
slight inverse temperature effect for olivine. The substitution mechanism of water, in 
orthopyroxene and olivine, does not change with pressure and temperature if the 
buffering mechanism remains the same. 
The major substitution mechanisms observed in natural NAMs have also been 
reproduced in chemically complex experimental systems, near the solidus, using a 
fe1ti le Jherzolite composition with olivine, orthopyroxene and clinopyroxene layers in 
various arrangements. The substitution mechanism (i.e. , position of absorption peaks) 
of water in NAMs does not change over the studied P-T range and was similar to those 
discovered in mantle xenoliths and other previous experiments. The near-equilibrium 
nature of the experiments allowed me to study the partitioning of water among NAMs 
and estimate the average storage capacity of the mantle. 
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CHAPTER 1 
INTRODUCTION 

I. Kovacs C hapter I Introduction 
1.l. Why and how to study water in nominally anhydrous minerals of the upper 
mantle? 
The identification of ' water' (i.e., H20 , OH-, H+) as a trace element at defect 
sites in nominally anhydrous minerals (NAMs, Smyth et al., 1991) has drastically 
changed the concepts of water storage in the mantle (Bel I and Rossman, 1992). The 
NAMs do not contain water in their mineral formula [i.e., forsterite-fayalite, 
(Fe,Mg)2Si04, (olivine); enstatite-ferrosillite, (Fe,Mg)2Sii06 (orthopyroxene); and 
diopside, (Ca,Mg)2Sii06. (clinopyroxenc)) as opposed to hydrous minerals [i.e., 
pargasite, NaCa2(Mg,Fe)4AISi6Ah022(0H)2, (amphibole); and phlogopite, 
KMg3(ShAl)010(F,Ol-r)2, (mica)]. Spinels and garnets are also nominally anhydrous 
minerals in the upper mantle, however, due to their relatively low modal abundance 
these phases are generally not discussed in great detail. It has been known for some 
time that the water in the NA Ms of the upper mantle has a serious impact on the upper 
mantle·s physical and chemical properties. 
Water lowers the viscosity of the mantle facilitating its deformation and 
convection (i.e., Dixon et al., 2004). The deformation patterns of mantle rocks change 
with changing water concentration as different slip systems are activated at different 
concentrations (Kaminski, 2002; Karate and Wu, 1993; Karato et al., 1986). It has been 
demonstrated that water plays a substant ial role in the initiation of subduction and 
global plate tectonics (Regenauer-Lieb and Kohl, 2003; Regenauer-Lieb et al., 200 I). 
Water concentration in NA Ms seems to have a relatively minor effect on seismic 
wave velocities (I% drop in velocity for I wt% increase in water in the unrelaxed high 
frequency, (MHz-GHz) measured with ultrasonic or Brillouin spectroscopy; Inoue et al., 
1998; Jacobsen et a l., 2004; Karato, 1995), but a more considerable effect on seismic 
wave attenuation at seismic frequencies < I Hz (Aizawa et a l., 2008; Jackson et al., 
2002; Karato, 2006). Olivine and pyroxenes have 0-200 and 50-1200 ppm water (Bell 
and Rossman, 1992; Skogby, 2006), respectively, which implies a factor of - 6-30 
variation in seismic attenuation. Exact funct ional form, nevertheless, how seismic 
attenuation depends on water concentration is not yet fully developed. Shear wave 
splitting, which is a measure of anisotropy, can be evaluated more accurately because 
the information on water in NAMs can help in determining the frequency-dependent 
energy dissipation, which has a direct correlation to water content (Karato, 1995). This 
is of great importance as more accurate data on shear-wave splitting may resolve many 
geodynamic mysteries within plate tectonics. Electrical conductivity data are also 
3 
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dependant on water concentration in NAMs (Karato, 1990; Wang et al., 2006), and are 
seen by many as being complementary to data derived through seismic methods in 
examining the structure of the lower crust and upper mantle (Gatzemeier and 
Moorkamp, 2005; Tommasi et al., 2006). 
Lastly but not least, water also modifies the melting properties of upper mantle 
rocks as it does so with the liqvidus of magmas. The presence of water lowers the 
melting temperature of mantle rocks and inhibits the crystallization of magmas at 
constant pressure and oxygen fugacity. These effects have been demonstrated by many 
experimental works (i.e., Falloon and Danyushevsky, 2000; Gaetani and Grove, 1998; 
Green, J 973a; Green, I 973b; Grove et al., 2006; Milhollen et al., 1974), however, these 
studies often come to contradictory results as to how the solidus changes with pressure 
and temperature, which is likely due to the adaptation of different experimental methods 
and the alternate philosophies behind individual interpretations. Trace element 
partitioning of silicate minerals in the mantle also shows a correlation with water 
concentration (Witt-Eickschen and O'Neill, 2005). 
It is no wonder that the research on water in NAMs of the upper mantle has 
significantly intensified over the last decade, as ca. 70% percent of studies published in 
international peer-reviewed journals have been released in the last 5 years. The ' Water 
in nominally anhydrous minerals' issue of Reviews in Mineralogy in 2006 sits perfectly 
within this international trend. H is not only the most abundant element in the universe, 
but is probably one of the most important trace elements in the mantle. Water influences 
most of the processes in the upper mantle (melting, deformation and propagation of 
seismic waves), and therefore, was a substantial factor both in the secular evolution of 
the Earth's mantle and in imaging of the Earth ' s interior. 
There are two different ways of obtaining in formation on water content in the 
NA Ms of the upper mantle: indirectly and directly. Volatile content of primary mantle 
melts [i .e., mid ocean ridge basalts (MORB). ocean island basalts (OlB)] can be derived 
through the use of experimentally determined partition coefficients so as to give an 
indirect estimate of the water concentration in the source region (Michael, 1988, 1995). 
The resulting estimates, based on MORB, give a well constrained concentration of 
water c.a. I 00 ppm for the upper mantle. Another indirect method is to study the 
volatile content of si licate melt inclusions (SMis) in phenocrysts of primary magmas, 
which probably match more closely the original melt composition (Danyushevsky et al., 
2002). This latter method, nevertheless, is known to provide misleading results in some 
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circumstances due to post-entrapment re-equilibration, which can modify the original 
chemistry of SM ls (Spandler et al. , 2007). 
The direct way to study water in the upper mantle is to study mantle xenoliths 
(i.e., Bell and Rossman, 1992; Grant et al., 2007a; Tomphson, I 992). There is stil I an 
ongoing debate, however, as to the extent to which mant le xenoliths are representative 
of their source region since some xenoliths may undergo re-equilibration with the host 
basalt during sampling (lngrin and Skogby, 2000). Recent studies suggest that apart 
from a small region at the edge of the NAMs, their core is likely to preserve the 
·original ' mantle signal as shown by diffusion profiles of hydrogen in both mantle 
xenoliths (Demouchy et al., 2006; Peslier and Luhr, 2006; Peslier et al., 2008) and 
experimental work (lngrin and Blanchard, 2006). There is also evidence, especially 
under oxidizing conditions, that the mantle signal can be completely erased during re-
equilibration with the host basalt (lngrin and Skogby. 2000). The other direct method is 
to conduct experiments under controlled physical conditions (i.e. , Berry et al., 2005; · 
Berry et al., 2007a; Grant et al., 2007b; i.e., Stalder and Skogby, 2002). Experiments 
are needed to understand the data from natural samples. 
1.2. Water incorporation in NAMs (ol, opx, cpx) of the upper mantle: a brief 
overview 
There are some results on the qualitative nature of water incorporation in NA Ms 
under upper mantle conditions but its quantitative aspects remain largely unexplored. 
The most powerful tool to study the mechanism of water incorporation in NAMs is 
Fourier Transform Infrared Spectroscopy (FTIR for short) as the wavenumber of 
different absorption peaks are related to different substitution mechanisms (a more 
detailed account of FTIR spectroscopy is given in Chapter 2.1). There are four major 
substitution mechan isms for water identified in ol (i.e., different sets of absorption 
peaks) that are discussed, below (Figure 1). The first , and most common, substitution 
mechanism is related to Si-vacancies in the ol structure (Beran and Putnis, 1983; 
Lemaire et al., 2004; Matsyuk and Langer, 2004; Matveev et al., 200 I; Matveev et al., 
2005; Walker et al., 2007), where ideally four hydrogens fi ll in the tetrahedral vacancy 
and are bound to oxygens at the tip of the tetrahedron (Mg2H40 4, Figure l a). The major 
absorption peaks, which are thought to originate from Si-vacancies, occur between 3630 
and 3400 cm·', the most prominent of which are at 3613, 3580 3567, 3480 cm·1• 
5 
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Figure J l\llajor substitution mechanisms in olivine [modified and compiled after Berry ct al. 
(2005). Lemaire ct al. (2004) and Walker ct al. (2007)): a) Si-vacancy [SiJ ; b) Mg-vacancy 
[Mgl; c) Ti-clinohumite point defects rTi): d) trivalent cation-related defects [trivalent) 
6 
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The identification of these absorption peaks as related to Si vacancies is 
consistent with their appearance in ol from a silica deficient environment. Hereafter, l 
refer to this substitution as [Si). Note, however, that Kudoh et al. (2006) and Smyth et 
al. (2006), attributed the same set of peaks to Mg-vacancies in the octahedral site based 
on X-ray diffraction studies. 
The peaks between 3300-3100 cm·' ol have been interpreted as Mg-vacancies 
where two H1 substitute for divalent cations (commonly Mg) in the octahedral sites 
(MgH2Si04, Figure lb, Berry et al., 2005; Lemaire et al., 2004; Matveev et al., 200 I; 
Walker et al., 2007). The two most prominent peaks in this region are at 3220 and 3160 
cm·1• These peaks are referred to as [Mg] hereafter. 
Another major substitution mechanism has two absorption peaks at 3572 and 
3525 cm·' attributed to Ti-clinohumite point defects (Berry et al., 2005; Berry et al., 
2007b; Miller et al., 1987; Walker et al., 2007). The existence of these two peaks both 
in natural and experimental ol implies that Ti plays a very important role in facilitating· 
water incorporation in NAMs under upper mantle conditions. In this substitution 
mechanism Ti4+ is in an octahedral site charge balanced by two hydrogens in the 
neighboring tetrahedral site (MgTi161H20 4 ) (Walker et al., 2007, Figure l e). Hereafter, I 
refer to th is substitution as [Ti]. In more genera l terms, the group I expression, used 
widely in the literature, refers to absorption bands between 3650 and 3450 cm·•, thus, it 
includes both [Si] and [Ti] peaks (Figure l a, le). 
The absorption peaks between 3400 and 3300 c111· 1 in ol are related to the 
incorporation of trivalent cations (i.e., Fe3+, Al3+, Cr3+, Sc3+ etc., Berry et al., 2007a; 
Grant et al., 2007a; Grant et al., 2007b; lngrin and Skogby, 2000; Zhao et al., 2004). 
The incorporation mechanism of trivalent cations is a coupled substitution of M3+ and 
H+ for 2M2+ 1, however, based on the trivalent cation ' s size, different arrangements are 
possible. If the trivalent cation is larger (e.g., Y3+) it can only enter the larger M2 
octahedral site, with a H+ charge balancing in the neighboring, smaller Ml octahedral 
site. If the trivalent cation is smaller (e.g., Al3+) it can also enter the MI octahedral si te, 
and is charge balanced by H+ either in the neighboring MI or M2 octahedral sites, 
which can give raise to multiple trivalent peaks (M3+HSi04) (Figure Id, Berry et al., 
2007a). This is because the MI octahedron has both MI and M2 neighbors, whereas 
M2 is adjacent only to MI octahedrons. These peaks are referred to as [trivalent] 
hereafter. The (trivalent] and [Mg] peaks have been also referred to as group I I in the 
literature, although their origin is rather distinct. 
1 M3• and M2• refer to trivalent and divalent cations respectively. 
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There are other 0-H absorption peaks in ol that are not related to point defects. 
One of those peaks is at 3410 cm·' corresponding to Ti-clinohumite planar defects in ol, 
which are due to the dissolution of Ti-clinohumite from ol (Berry et al., 2005; Hermann 
et al., 2005, 2007). The peaks occurring in olivine above 3630 cm-1 are interpreted as 
various hydrous si licates (serpentine, talc, brucite, phlogopite and pargasite etc.) the 
most common peaks of which are at 3710, 3700, 3670, 3650 cm-1 (Chaussid, 1970; 
Della Ventura et al., 2003, 2007; Hayashi and Oinuma, 1967; Roy and Roy, 1957; 
Wunder and Melzer, 2002). 
In pyroxenes the incorporation mechanism of water has not been studied in the 
same details as it has for olivine. This is due to the more complex structure of 
pyroxenes, where a large variety of substitutions can take place, and for this reason 
there is sti ll no standard and widely accepted model for water incorporation (Skogby, 
2006; Skogby et al., 1990; Stalder et al., 2005; Stalder and Skogby, 2002). Generally, it 
is thought that H+ substitutes for octahedral vacancies (H2Si206) but tetrahedral 
substitution is also possible (Mg2H406)(Koch-Muller et al., 2004; Stalder et al., 2005). 
It was realized that trivalent cations enhance water solubility through coupled 
substitutions where M3+ and 1-t replaces either Si4+ (tetrahedral site) or two M2+ 
(octahedral site). As it was pointed out by Stalder et al. (2005) and Skogby (2006) more 
systematic studies are necessary to be able to relate individual absorption peaks in 
pyroxenes to particular substitution mechanisms. Similarly tool, the peaks above 3650 
cm-1 are related to sheet or chain silicates in pyroxenes (lngrin et al., 1989; Skogby et 
al., 1990; Veblen and Buseck, I 981 ). 
1.3. Goals of this thesis 
This thesis is concerned mainly with the quantitative aspects of water 
incorporation in the NAMs of the Earth 's upper mantle. The qualitative side of water 
incorporation, as I have demonstrated, is reasonably well-established, the quantitative 
aspects, however, remains largely unexplored. One of the reasons is that there is still no 
easily applicable and standard method to analyze water in NAMs. The previous 
analytical methods (FTlR and secondary ion mass spectrometry (SIMS)) require 
laborious and cost-intensive sample preparation with only a limited suite of calibrations 
to calculate absolute water concentrations. The variations in analytical parameters, 
which exsist, among various laboratories have further complicated this effort. The other 
reason is that previous experiments that addressing the P-T-a11:0 -chemistry dependence 
8 
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of water solubility in NAMs did not follow a systematic experimental strategy that 
considered all the known factors affecting water incorporation. Thus, the effects of 
different parameters on water solubil ity in NAMs could not be looked at individually, 
but rather, their combined effects were realized and it has often lead to a 
misinterpretation of the observed results. Jn particular, the importance of defining 
chemical potentials of all major element components in the system has often been 
overlooked. 
1.3.1. Analytical goals 
Infrared spectroscopy is an ideal analytical tool as it simultaneously provides 
qualitative and quantitative informat ion on water incorporation in NAMs. The major 
obstacle for analyzing water quantitatively in NAMs by FTJR was the lack of a method 
that can be applied to tine grained experimental runs and natural samples using 
unpolarized light. One aim of the thesis is to develop an infrared technique which· 
applies unpolarized light to randomly oriented mineral gra ins in order to obtain total 
absorbance which than can be related to absolute water concentration. It is shown in 
Chapter 2.1 with systematic measurements of different minerals that this is achievable. 
Another problem is that there is no substitution mechanism specific calibration 
factor(s) for ol that can relate total absorbances of the different substitution mechanisms 
(e.g., [Si], [Ti] , [Mg], [trivalent]) to absolute water concentration. The available 
calibration factors are all mineral specific2 in ol (but also in opx and cpx), therefore, in 
spite the common practice, they should not be generally applied (Bell et al., 1995, 2003, 
2004). To develop such (a) substitution mechanism dependant calibration factor(s), an 
independent method is needed, against which, one can calibrate total absorbances of the 
different substitutions. For this, a SIMS calibration is developed on synthetic glasses 
with a variety of chemical compositions. This SIMS calibration has the potential to be 
appl ied to all the NAMs studied in this thesis to obtain absolute water concentrations 
(Chapter 2.2). The SIMS concentrations are used to determine substitution mechanism 
dependant calibration factors for ol and a mineral speci fic calibration factor for opx 
(Chapter 2.3). The cross calibration between SIMS and FTIR appears lo be rather 
complicated and there is still a lot of future work needed. 
2 Mineral specific means that it can be applied to particular absorbance characteristics but may be 
inaccurate beyond that. Bell et al. (2003), for example, developed their calibration factor for relatively 
water-rich olivincs only with [Si) and [Ti) peaks, but it has not been demonstrated if it is accurate for 
other substitution mechanisms. 
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1.3.2. Experimental strategy 
The true quantitative aspects of water incorporation in NAMs can only be 
revealed if an elaborate experimental strategy is implemented to see the effects of 
different factors such as P, T, a11P and chemistry, individually. For this reason, I 
conducted experiments in chemically simple systems (MgO+Si02+H20) at various P-T-
a11:0 . The bulk chemistry was modified by changing the Mg0/Si02 ratio and adding 
additional clements as Ali03 and Ti02, wh ich are known to play an important role in 
water incorporation. The experiments were synthesis experiments carried out at the 
target P and T. I avoided the use of large pre-synthesized crystals or of in itial heating at 
higher temperature to achieve larger grain size, so as to avoid analyzing substitutions 
that may be inherited. The experiments underwent detailed FTIR and SIMS analysis to 
study the quantitative aspect of water incorporation (Chapter 3). 
Finally I studied water incorporation by FTIR in chemically complex systems 
(fertile lherzlile composition of Hart and Zindler. 1986) with sensor layers of ol, opx 
and cpx to see how the water concentration and substitution mechanisms vary through 
the solidus at water saturated and undersaturated conditions at 25 and 40 kbar. With the 
application of sensor crystals I investigated carefully whether an equ ilibrium condition 
was reached by analyzing the water peaks in sensor crystals and the chemistry of both 
the minerals in the mix and those in the layers, prior to and after the experiments. These 
experiments are the first. to my knowledge, to reproduce water peaks in chemically 
complex experimental systems. For the quantification of water in these mineral layers 
both the new substitution mechanism dependant and the traditional minerals specific 
calibration of 'Bell' are applied (Chapter 4). 
1.4. General structure of the chapters 
The structure of the individual chapters (Chapter 3 and Chapter 4) and sub-
chapters (Chapter 2.1 , Chapter 2.2 and Chapter 2.3) is generally as fol lows: I) an 
Abstract summarizes the main result of the chapter; 2) an Introduction or 
Methodology describes the analytical methods and experimental means by which the 
particular goals are addressed. A detailed account of FTIR and SIMS is presented in 
Chapter 2.1 and Chapter 2.2, respectively. The experimental strategies adopted for 
glasses, simple chemical compositions and complex chemical compositions are outlined 
in Chapter 2.2; Chapter 2.3, Chapter 3; and Chapter 4, respectively; 3) The newly 
obtained petrographic, chemical and analytical data are summarized in the Result 
section; 4) The data are discussed, with respect to previous results from the literature, in 
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the Discussion section; 5) The Conclusion high lights the solutions to the goals that are 
set out in the Introduction or Methodology; 6) References are listed at the end of each 
chapter (including sub-chapters C hapter 2.1 , Chapter 2.2 and Chapter 2.3) instead of 
only at the end of the thesis because different chapters usually c ite a different pool of 
references and also this structure may make the reading of the chapters easier. 
The Appendix contains the fine analytical details, not worth discussing in the 
main text including: background subtraction and integration methods for FTIR 
(Appendix I); the infrared method for estimating sample thickness (Appendix 11); 
textural images of experimental charges (Appendix Ill) and SIMS ablation pits 
(Appendix IV) for each experiment, respectively; a long with the articles that were 
published based on research carried out in this thesis (Appendix V). 
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CHAPTER2 
ANALYTICAL DEVELOPMENTS 
PREFACE 
A section of this chapter has already been published in American Mineralogist as 
two companion papers. Although the content reflects mainly my own results, it 
also contains many contributions from my advisors and coauthors in those papers. 
In particular I am indebted to Malcolm Sambridge, who walked us through the 
minefield of fundamental physics so as to arrive at a simple formula for infrared 
spectroscopy, which can be understood by even a simple geologist. A simplified 
version of his physical arguments is given before the practical applications with 
Malcolm's consent. 
The SIMS cross calibration is in cooperation with Erik Hauri at the 
Carnegie Institution in Washington, D.C., (USA). The experiments providing the 
standards were carried out with the help of Dean Scott at the RSES. The infrared 
analyses are entirely my own results and the SIMS analyses were done jointly with 
Erik Hauri. Erik's help in introducing me to the wonder of SIMS analyses and 
assisting me throughout almost (my entire) PhD candidature is greatly 
appreciated. I must also acknowledge The Paterson Fellowship as their support 
enabled my 2007 visit to the Carnegie Institution. 
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General introduction 
The aim of this analytical chapter is twofold: I) to develop a more effective 
Fourier-transform infrared (FTIR) method to determine total polarized absorbance in 
nominally anhydrous minerals (NAMs); 2) to evaluate substitution mechanism specific 
calibration factors for olivine, which can translate total polarized absorbance into 
absolute water concentration. In Chapter 2.1 an unpolarized infrared method for 
random ly oriented sections of anisotropic minerals is developed that enab les the 
effective analysis of total polarized absorbance in NAMs for water. In Chapter 2.2 it is 
demonstrated that secondary ion mass spectrometry (SIMS) can provide reliable 
absolute water concentrations over a range of matrix properties represented by synthetic 
glasses with various chemical compositions. The combination of SIMS and the new 
unpolarized infrared method a llowed us to develop substitution mechanism specific 
factors for olivine (ol) in Chapter 2.3. Before the main results are discussed a brief 
summary of other techniques for water analysis in NA Ms, which are not applied in this · 
thesis, is presented for the sake of comprehensiveness. Thus, there is a general 
introduction to manometry and nuclear resonance analys is (NRA) below, whereas the 
deta iled account of FTIR and SIMS is given preceding the particular chapters (Chapter 
2.1 and Chapter 2.2 respectively). A detailed review of analytical methods for 
analyzing water in NA Ms is given in (Rossman, 2006). 
Manometry 
Manometry is an absolute quantitative method to analyze water in NAMs. It 
needs several milligrams to a gram of the target mineral. The detection limit can be as 
low as I 00 pm and the best precision is around I% (i.e., Rossman, 2006). Especially 
carefu l sample preparation is needed as analyzed grains have to be perfectly free of any 
contamination (Bell et al., 1995). The origin of the analyzed water cannot be 
constrained, therefore, a structurally bound water signal can be swamped by that of 
inclusions and grain boundary films (Holdaway et al., 1986). 
During the analysis the minerals are placed on metal crucibles (Mo, Pt) and then 
degassed in a vacuum at high temperature to drive off absorbed water. The crucible is 
then heated in an induction furnace to release structurally bound water which is then 
captured in a cryogeni c trap. From the trap the water is released upon heating and the 
vapor is channeled into a hot furnace containing uranium (or alternatively zinc) metal 
which reduces water to hydrogen. The hydrogen is then than moved into a cal ibrated 
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chamber where its amount is determined based on its volume applying the P* V=n* R* T 
relationship. 
Nuclear Reaction Analysis (NRA) 
The nuclear reaction analysis also provides qualitative information on water to 
as low as ppm levels in an optimal case. The analysis takes advantage of the nuclear 
reaction taking palace between an ion beam (19F or 15N) and 1 H in the mineral. 
Originally 19F ions were applied but due to unwanted interferences 15N was used instead 
(Lanford, 1978, 1992). The reaction between 15N and 1H produces 160 which 
immediately decays through an a-decay into 12C in a nuclear excited state. The 12C 
emits characteristic gamma rays of which intensity is proportional to the concentration 
of hydrogen in the target mineral (Endisch et al., 1992; 1994). This method also 
requires careful sample preparation, ultra-clean environment; strong vacuum and cosmic 
background radiation needs to be reduced to a minimum level. It is, again, an intrinsic 
problem that the method provides bulk water analysis and does not allow us to constrain 
the substitution mechanism and mechanisms. 
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2.1. Application of Fourier-trtm5form infrared spectroscopy (FTIR) to 11ominally 
anhydrous minerals (NAMs): estimating the total polarized absorbance in anisotropic 
minerals using unpolarized light 011 randomly oriented mineral sections 
Abstract 
The predictions of the the01y of light propagation in weakly absorbing 
anisotropic minerals are tested against systematic measurements of the infrared 
absorbance spectra of calcite, olivine and topaz oriented in both principal and random 
sections, using both polarized and unpolarized light. I show that ({the linear polarized 
maximum absorbance is smaller than - 0.3, or if the ratio of maximum and minimum 
absorbance is close to unity, then: (1) the polarized maximum and minimum 
absorbances as well as the unpolarized absorbance are, lo a good approximation, 
linearly proportional to thickness, regardless of the direction of the incident light; (2) 
the angular variation of polarized light absorption is indistinguishable from the· 
theoretical predictions within the uncertainty of the measurements,- (3) for any section 
the unpolarized absorbance is the mean of the polarized maximum and minimum 
absorbance,- (4) the average unpolarized absorbance of randomly oriented grains is one 
third of the Total Absorbance (de.fined as the sum of the three principal absorbances). 
Therefore, calibrations relating Total Absorbance lo absorber concentration in 
minerals that have been developed from measurements with polarized light parallel to 
the principal axes may be applied to measurements with unpolarized light on a 
population of randomly oriented sections. I show that ten such measurements are 
sufficient to achieve a peh·ologically useful accuracy. The method enables water 
concentrations in nominally anhydrous minerals lo be determined fi·om samples where 
the preparation of oriented specimens is no/ feasible, such as high-pressure 
experimental runs and fine-grained man/le xenoliths. The method may also be used for 
obtaining quantitative measurements 011 /ow-symmef1J1 minerals. 
2.1.1. Introduction to FTIR spectroscopy 
Both the amounts of hydroxyl species (OH, or, colloquially, water) in the 
nominally anhydrous minerals (NAMs) of the Earth's mantle, and the substitution 
mechanisms by which water is incorporated, are impor1ant for understanding a range of 
physical and chemical properties of the mantle, including pattial melting, rheology, 
diffusion, electrical conductivity, and seismic wave speeds and attenuation (Bell and 
Rossman, 1992; Hier-Majumder et al., 2005; Hirth and Kohlstedt, 1996; Karato, 2006; 
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Michael, 1988). Fourier-transform infrared spectroscopy (FTIR) is a particularly useful 
technique for determining the water content of NAMs because it has the advantage of 
providing quantitative information that can be linked directly to particular substitution 
mechanisms (Berry et al., 2005; Berry et al., 2007a; Lemaire et al., 2004; Matveev et 
al., 200 I). FTIR has been by far the most common and effective analytical technique 
for analyzing water in minerals for a long time (Dowty, 1978; Farmer and Russell, 
1964; Hayashi and Oinuma, I 967; Heller-Kallai et al., I 975; Kitamura et al., 1987; Roy 
and Roy, 1957). This is because FTIR simultaneously provides qualitative and 
quantitative information on the absorbing species and its detection limit for water is 
ideally very low (- ppm). The spatial resolution can be as good as 30 ~tm. The 
analytical uncertainty can vary significantly, but is typically less than 30% even for the 
most anisotropic minerals. The sample preparation involves double polished thin 
sections, of which preparation can be especially difficult if it involves fine grained 
experimental charges and xenoliths. 
The physical concept of infrared spectroscopy is the following: an infrared light 
from a laser source is sent through a mineral section, where the incoming intensity is 
known (Io) and the outgoing intensity is measured (/). The intensity decreases because 
absorbing species (I-120 , C02, N2 etc.) absorb energy corresponding to their vibration 
frequency. The infrared light can be polarized or unpolarized depending on whether a 
polarizer is positioned into or out of the ray path. The polarization is never perfect and 
the polarizat ion efficiency of different polarizers can vary significantly (Libowitzky and 
Rossman, 1996). During this measurement a range of wavelengths (J.) are scanned (i .e., 
typically between 500 and 5000 cm-1) . The resu lt is a spectrum which shows wave 
number against absorbance (A). The wave number (v) is the inverse of wavelength 
( .!... ), whereas the absorbance, is the negative logarithm of transmittance (A=-lg 1). The 
A 
transmission is the ratio of the outgoing and incoming intensity (T=i._ ). In principle, 
lo 
the absorbance spectrum of a mineral might be col lected using either polarized or 
unpolarized radiation; these data might then be treated either as transmission or 
absorption measurements; and the feature used for quantification either as peak height 
(called here, linear transmittance or absorbance) or the area under a peak, or set of peaks 
(called here, integrated transmittance or absorbance). There are therefore potentially six 
ways to obtain and quantify spectra, each with its advantages and disadvantages. 
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It was found that A of polarized radiation is linearly proportional to thickness (t) 
and concentration (c) in most cases, which is also know as the Beer-Lambert law 
(A=e*t*c, where e is the extinction coefficient of absorbing species). During analysis 
we must ensure that the light only penetrates the target mineral and there is no 
overlapping with any other phase as this can decrease the effective t and contaminate 
the spectrum. 
The v provides information on the energy of the 0-H dipole. This is because the 
v is directly proportional to the vibration energy. It has been also demonstrated that the 
strength of hydrogen bonds correlates closely with the frequency o f their stretching 
vibrations over a wide range of v. The length of 0-H bonds also correlates with v, 
which can provide us with clues on the site occupancy of 0-H dipoles (Li bowitzky, 
1999). This is the reason why v, or in other words, the position of the 0-H absorbtion 
band, gives qualitative information on the water incorporation mechanism. 
The height or the area under the 0-H absorption peaks (which are also called as · 
linear or integrated absorbance, respectively) gives qualitative information on the 
concentration of 0-H (and therefore water) dipoles through the Beer-Lambe11 law. In 
isotropic minerals the quantification is relatively easy as 0-H dipoles are randomly 
oriented and, therefore, there is no orientation effect and the total absorbance (A101) is 
simply three times that of the analyzed absorbance (Paterson, 1982). We need to know, 
however, the 1 and e for relating the measured A (either linear or of integrated 
absorbance) to c. The thickness can be easily measured, but to obtain e, one has to 
calibrate against standards with known water concentration (i.e., where the 
concentration is determined by either of the following methods: SIMS, NRA, 
manometry etc.) . The problem is the /: is thought to be v dependant; however there is 
only a broad correlation between the two parameters (Balan et al., 2008; Libowitzky 
and Rossman, 1997; Paterson, 1982). This means that different peaks (v) may have 
different e. Silicate glasses, fo11unately, have only a couple of water-related absorption 
peaks (i.e., 5200, 1630 cm-1 for H10; 4500 cm-1 for OH- and 3500 cm-' fo r H20+01-r, 
see also C hapter 2.2), for wh ich e has been determined. An excellent overview fore in 
glasses is given in !hinger et al. ( 1994). A more recent account of e as a function of 
major element chemistry can be found in Mandevi lle et a l. (2002)(see more detail in 
Chapter 2.2). 
For anisotropic substances the estimation of total absorbance, and therefore the 
determination of water concentration, is more compl icated because the absorbance 
varies with the orientation. Generally for NA Ms, the concentration of water has been 
23 
I. Kov:ics Chaplcr 2 Analytica l ucvclupmcnts 
related to the sum of the three principal polarized absorbances (called Total 
Absorbance), which can be obtained either by measuring the principal absorbances in 
oriented samples, or from three randomly oriented but 011hogonal sections (e.g., 
Asimow et al., 2006; Libowitzky and Rossman, 1996). However, the preparation of 
oriented samples is time consuming and not always possible in many petrologically 
interesting situations. For example, the paucity of suitable grains in high-pressure 
experimental run products and some mantle xenoliths has prevented quantification of 
water by these conventional infrared techniques. In an attempt to overcome these 
problems, Asimow et al. (2006) recently publ ished a method using polarized IR-
spectroscopy on randomly oriented crystals, but information on the orientation of the 
analyzed grains is still needed. Furthermore, the quality of the polarizer also affects the 
measured polarized absorbances, which may introduce systematic errors if a different 
instrument is used from that on which the calibration was obtained (Libowitkzy and 
Rossman, 1996). Clearly, the most general and straightforward approach to determine 
water contents in minerals would be to use unpolarized IR spectroscopy on randomly 
oriented grains. Such an approach has been dismissed in the past because it was argued 
that unpolarized absorbance is not linearly proportional to the thickness (Libowitzky 
and Rossman, 1996). Moreover, no self-consistent absorbance theory was avai lable to 
relate unpolarized measurements to calibrations obtained from polarized spectra, nor to 
describe quantitatively the dependence of unpolarized absorbance on orientation. For 
this reason I am revisiting the propagation of light in weakly absorbing anisotropic 
media to arrive at a general absorption indicatrix theory that can help us find the link 
between polarized and unpolarized measurements. 
2.1.2. Theory of light propagation in absorbing anisotropic media1 
In this section the relationship between transmittance (or absorbance) and 
polarization angle from the fundamental physics of light propagation in absorbing 
anisotropic media is derived. First a brief review of light propagation in non-absorbing 
crystals with anisotropic refractive indices is presented, before dealing with the more 
general case. 
2.l.2.1. Light propagation in non-absor bing anisotropic crystals 
1This section of my thesis is an edited, simplified version ofSambridge et al. (2008) in which I am a co-
author (see Appendix V). 
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The theory of light propagation in non-absorbing anisotropic crystals was well 
understood by the early part of the 20•h century. Seminal works are by Fresnel (I 866), 
Voigt (1902), Pockels (1906) and Born (1933). Detailed accounts are given in Nye 
( 1957), as wel l as section B2 of Ramachandran and Ramaseshan (1961 , referred to as 
RR hereafter), and Ch. 14.3 of Born and Wolf(l980). Maxwell ' s equations tell us that 
the optical properties of a medium are determined by the relationship between the 
displacement vector D and the electric vector E of the propagating electromagnetic 
wave. 
The general theory leads to the conclusion that given any direction of the wave 
normal two waves can be propagated with their vibrations linearly polarized along the 
principal axes of the elliptic section on the index ellipsoid normal to the wave normal. 
(Note that in anisotropic media the wave normal and the ray direction are not parallel, as 
they are in isotropic media.) The plane perpendicular to an arbitrary incident light 
direction cuts the ellipsoid and creates a cross-sectional ellipse. The principal axes of 
this ellipse define the electric vector directions of the two propagating waves possible in 
the crystal. In general the particular paths (rays) that each wave can follow are not the 
same, a phenomenon known as birefringence. The thicker the sample the more 
separated the two rays will become, since they have different refractive indices. (In 
uniaxial crystals these are known as the ord inary and extraordinary ray). Bloss (I 961) 
explains how the index ellipsoid may be used to predict the speeds and polarization of 
each wave for birefringence materials, including the special cases of light incident along 
principal and optic axes. (An optic axis is defined as a direction for which the cross 
section of the index ellipsoid is circular. In uniaxial crystals this will be along the 
principal c-axis. Jn biaxial crystals two optic axes exist inclined to all three principal 
axes.) 
The equation of the index ellipsoid may be written in terms of an x, y, z co-
ordinate system oriented along its principal axes 
x 2 y2 z2 
- +-+- = l 
a2 b2 c2 (1) 
where a, b, c are the semi axes of the index ellipsoid (see Figure la). Using spherical 
co-ordinates (q>, 'V) of the vibration direction (defined with respect to the principal axes 
in Figure lb) we have 
x = r·sin q>·cos 'If; 
y = r·sin q>·sin 'I'; (2) 
z = r·cos q> 
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a) y 
b) 
y 
x 
Figure 1 a) Perspective view of an indicatrix e llipsoid with incident light propagat-
ing toward the centre along the z-ax is. Here the semi axes of the e llipsoid are a, b, 
and c, in the x, y and z directions respectively. b) Radius of an e llipsoid, r, at an arbi-
trary point on its surface defined by the angles \jJ and cp. Here cp is the angle between 
the radial and the z axis, and \jJ is the angle between the x-axis and the projection of 
r on the x-y plane. These are the standard spherical polar angles. 
26 
I. l{o\':ics Chapter 2 Analytical tlc\'clopmcnts 
where r is the radius of the ellipsoid in the direction given by the spherical angles (cp, ~1). 
Substituting Equation I into Equation 2 and rearranging we get the equation of the 
index ell ipso id in terms of spherical co-ordinates 
I I . 2 2 I . 2 . 2 I 2 (J~I 
- = - ·Sin <p· COS V/ + - ·Sin <p·Stn lfl+ - ·COS <p ~ 
r1 a2 b2 c2 
Since the radius is equal to the refractive indexn(<p,lfl) we get 
n(<p,lfl) = (...!._2 ·sin 2 <p · cos2 v1+~·sin 2 <p. sin 2 v1 + ~. cos2 cp)-112 (4) a b- c 
Which is Equation 9.2 on p 155 of Bloss ( 1961 ). 
2.1.2.2. Light propagation in absorbing an isotropic crystals 
The theory of light propagation in absorbing an isotropic media is described in 
detai l by Pancharatnam ( 1955) and extended by RR; see also Ch. 14.6 of Born and Wolf 
( 1980). The above summary of light propagation in non-absorbing anisotropic media · 
provides the setting for an extension to absorbing media. In an absorbing medium light 
propagation may be described by two parameters, the refractive index n and the 
absorption coefficient, k. For example, an electric vector of a plane polarized wave 
traveling a distance z is given by 
{ } {
-21rin'7} E= =E0 exp-kz exp J. - (5) 
where A. is the wavelength. Due to absorption, the wave reduces to lie of its amplitude 
after travel ing a di stance Ilk in the medium. 
We can rewrite Equation 5 as 
-21rinz { - } E= =£,, exp A. (6) 
h . I fi . . d . k/l. . h . . ffi . w ere n 1s a comp ex re ract1ve m ex, /1 = /1 +1 K , K = - is t e extinction coe 1c1ent, 
2ff 
and i is the imaginary constant ,Ci. Therefore an absorbing medium corresponds to a 
complex refractive index. As before an index ellipsoid is defined by the index tensor, 
but now we also have an absorption ellipsoid defined by the absorption tensor. The 
nature of light propagation in the absorbing medium will depend on the degree to which 
the two sets of principal axes coincide, which in turn depends on the crystallographic 
symmetry of the medium. For the most general case of triclinic absorbing media none of 
the principal axes of the index and absorption ellipsoids are requ ired to coincide, and for 
I ight incident in an arbitrary direction, the nature of the wave propagation is determined 
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by the cross sections of both the index and absorption ellipsoids perpendicular to the 
incident wave normal. (Here the effect of optical activity has been neglected. Optical 
activity results in a rotation of linearly polarized light on passage through a medium.) 
However, for orthorhombic and higher order symmetries the index and absorption 
principal axes are coincident. 
In contrast to the non-absorbing case where incident light spl its up into two 
linearly polarized light waves that propagate through an anisotropic crystal, 
Pancharatnam ( 1955) showed that when the principal axes of the index and absorption 
ellipsoids do not coincide, then the solution to Maxwell 's equations permits two 
elliptically polarized waves to propagate without distortion through the crystal. In 
general any type of incident light in any direction will be sp lit up into these two non-
orthogonal elliptical polarizations upon entering the crystal. Each will propagate 
through the crystal with its own refractive indices and absorption coefficients. At the 
exit surface, the two beams will combine. My interest is in the intensity of the combined 
(output) light beam and how it depends on the polarization angle of incident linearly 
polarized light, which we denote as BP. 
Therefore the initial intensity of the light beams depend on both the polarization 
angle, e, of incident light and the positions of the two elliptical waves. The latter 
depend on principal absorbances and refracti ve indices in the cross sectional ell ipses 
formed from the intersection of the direction of light with the index and absorption 
ellipsoids. The splitting of the incident light wi ll also induce a phase difference 
between the two resulting waves, 8 , which is also a function of e, details of which can 
be found in section 4 of RR. 
The waves propagate through the crystal by a distance z, after which their 
intensities will be reduced by factors e-u,: and e-2ki= respectively (see Equation 6), 
where k1 and k2 are the absorption coefficients of the two waves. In addition there will 
be another phase delay, 8', between the faster and slower moving wave (due to 
birefringence). As before, each of the quantitiesk1, k2and 8' depend on the light 
direction and the cross sections of the index and absorption ellipsoids. For our purposes 
it is important to note that none of these depend on B. After transmission through a 
distance z we can use Equation 69.1 of RR to determine the total intensity of the 
combined waves. This gives 
l - I'+ I' + 2(1'/' )Yi cosl. P.P cos(8 + 8 1) 
-1 2 1 2 2 1 2 (7) 
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where 1; and /~ are the intensities of the two waves afler transmission. Substituting in 
known quantities we get 
I sin 2 m I 1 -'k. -2k ) y- ... r -u. 2 8 -'k,· . 2 e) - =,e- •- +e ·· '' + \e •· cos +e-·-sin 
/ ,. cos2 2<Pps cos2qJP_. 
2 
2 -<k,+ki>= sin <f',,., cos fJ sin (fJ,,., sin B . 2 (s: ·"') 
( 
• 2 2 )~ ( • 2 • 2 Jx 
+ e 2 + 2 + sin rp1,. cos u + u COS 2<p I'• COS 2(/)1,,, COS 2q; p.• COS 2rp ps 
(8) 
We now simplify Equation 8 by noting that the two waves that propagate 
through the crystal undistorted on ly have elliptical polarization because the principal 
axes of refraction and absorption are not aligned. This means that in crystals with 
orthorhombic or higher order symmetry the ellipticity disappears and the two 
propagating waves become simply linearly polarized (i.e., rp ,,. = 0 ). Furthermore, it is 
shown by RR (section 4) that, even in the most general case of biaxial crystals, for most 
directions of incident light the properties of the transmitted beam can be determined by 
considering them as orthogonal linearly polarized waves. In the specific case where 
incident light is oriented exactly along the optic axis, we then have linearly polarized 
waves along the principal axes of absorbance, and if the incident light is appreciably 
inclined to both we have linear polarization along the principal axes of refraction in the 
cross sectional plane. These considerations each suggest the simplification<pP, = 0 , so 
that Equation 8 becomes 
(9) 
Since transmittance of the incident light, Tis defined as I/ /0 , we have 
(JO) 
where 
T -2k,: 
min =e · (11) 
This expression is commonly cited in the literature as an empirically determined 
relationship between transmittance and polarization angle when the incident light 
direction is along a principal direction of the index ell ipsoid (this expression is also 
referred to as 'T theory' hereafter, e.g., Libowitzky and Rossman, 1996). The theoretical 
development here provides a proof of the relationship for arbitrary incident light 
direction in crystals with orthorhombic symmetry or higher, which is also appropriate 
2 Where <l'ps is the ellipticity of the ellipse formed by the rotation of the E-vector on the Pioncare-sphere 
(see more in Sambridge et al. (2008) in Appendix V). 
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for most directions in monoclinic or triclinic crystals. (As stated in RR section 4, for 
these crystals it will only break down in a small region immediately surrounding the 
optic axis, but not along it.) This result does not appear to have been obtained 
previously, although Turell ( 1972) derived the same result (from Maxwell ' s equations) 
for the special case of light incident along the b-axis of a monoclinic absorbing crystal. 
2.1.3. T he absorbance ellipsoid fo r linearly polarized light 
In the previous section we derived an expression for the angu lar variation of 
transmittance of linearly polarized incident light for an arbitrary angle of incidence, and 
showed that the simple relationship (Equa tion 10) is appropriate for a wide range of 
conditions. However, spectroscopic measurements of IR radiation are often carried out 
using absorbance, A, rather than transmittance, T, where 
A= -log10 T {12) 
Using Equation 12 the dependence of absorbance on polarization angle is 
A(8) = - log10 (10-'1""' sin 2 fJ + 10-,i,,.. cos2 8) (13) 
where 
T - I 0-"0 "' T - I 0- 11"'"' min - ' max -
A convenient approximation to Equation 13 (in common use) is to take 
A(8) =Amin sin 2 8 + Ama~ cos2 8 
(14) 
(15) 
where we have now redefined the angle 8 with respect to the direction of maximum 
absorbance rather than maximum transmission as it is in Equation 10 ( 8 4- fJ- tr I 2 ). 
This formula holds for both linear and integrated absorbance of single or overlapping 
peaks, as is demonstrated below. This equation is also referred to as 'A theory' . The ' A 
theory' was derived for the case of linear absorbance (i.e., peak height), but, as 
discussed in the text, for many appl ications it is necessary to use the integrated 
absorbance of a group of peaks. This raises the question of how the angular variation of 
integrated absorbance relates to the angular variation of linear absorbance. To answer 
this question I first establish the relationship for a single absorbance peak, and then 
extend the derivation to multiple overlapping peaks. If the single peak has a Gaussian 
shape then absorbance as a function of 9 and wavelength, A. is given by 
A(B, A.)= A(B)e-Yi<;.-;,,)i . (16) 
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where li0 is the wavelength of the peak height of the curve, and A(B) is the peak 
absorbance. Integrating A(B, IL) between any two wavelengths, A-1 and Ai we have 
A,(B,A,,J'-2 ) = A(e/Je-Yiv-),,r dli. (17) 
).I 
Because the term in the integral is just a constant, the integrated absorbance A, (0) is 
linearly proportional to the peak height, A(B). Hence the angular dependence of 
integrated absorbance is the same as the linear absorbance (peak height). Extending this 
result to overlapping peaks is complicated because the principal axes for neighboring 
peaks may not have the same orientation. As an example, a hypothetical situation is 
illustrated in Figure 2 for two peaks in which the principal axes, and therefore the 
orientations of the maximum and minimum absorbances, are inclined to each other. The 
sum of the two absorbance peaks at any polarization angle, 8 with respect to the 
reference direction is given by 
A (B) =Amax· cos2 (B-B) +Amin ·sin 2 (B- 8) 
.rum 1 I I I (18) 
where 01 and 02 are the angles of the two major principal axes with respect to the x-
axis (see Figure 2). Using the identities 
cos2 X + sin2 X = I, 
cos(X + Y) = cosXcosY-sinXsinY, 
I 
cos2 X =-(I+ cos2X) 
2 
we have 
A (B) =(Amin +Amin)+ (Amax - A111in )COS2(B-8) + 
Jt1111 I 2 1 1 1 
(A~"' -A~nin )cos 2 (B - 82 ) 
A (8) =_!_(Amin+ A 111'") +_!_(A"''"+ A"'j") 
sum 2 I I 2 2 2 
+~(A;"" - A;nin )cos2(B-B1) 
I . 
+ 2 (A~"'" - A~111") cos 2( B - 02 ) 
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- - - peak I (A111a~= ) 0, Amin=2), <p1 = 0 
peak 2 (Anrnx=5, A
01111
=3), cp2= 30 
sum (A =14.58, A . =5.42), cp3 = 5.44 ma:< 1111 11 • 
Figure 2 Angular variation (calculated using Equation 15) for two hypothetical absorp-
tion peaks (dotted and dashed lines) with different orientations of the maximum and 
minimum absorptions. The sum of these peaks (solid line) is also plotted for each angle. 
The angular distribution of the sum also obeys Equation 15. The <px represents the angle 
between the x-axis and the respective maximum directions of the different peaks. 
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where 
A (B) =_!_(Amin +Amax)+ _!_(A mnx +Amin) 
.<11111 2 I I 2 2 2 
+_!_(A;"a' -At'")[cos2Bcos281 +sin2Bsin2Bi] 2 
+_!_(Amax -Amin )(cos2Bcos2B +sin 2Bsin 28 ] 2 2 2 2 2 
II 
p = L (Ai'"ax + A,min) = (A1max + A;nin) + (A~11nx + A~llin) 
i =I 
II 
(22) 
(23) 
q = """ (A 111•x -A"'i")cos28 =(Amax -A"';")cos28 +(Amax -A"'i" )cos2B L... • I I I I I 2 2 2 
1=1 
II 
r = ""' (A"'"' -A"'i")sin 2fJ =(A"'"' -Arni")s·n 28 + (A 111"' -A"'i11 )s"n 28 L... 1 I I I I I I 2 2 I 2 
i=I 
(24) 
Since p, q and,. are independent constants, we can re-write them in a convenient 
form. We may write any values of q and r in terms of their polar co-ordinates 
q = (A-a)cos2q>, 
r = (A-a)sin 2cp (25) 
where A and a are the maximum and minimum absorbances of the sum of the two 
individual peaks, with A> a, and (/) is the angle of the major axis of the combined 
function to the reference direction (see Figure 2). However, because the polar radius is 
described by two independent variables we can remove one degree of freedom by 
writing 
p=A+a (26) 
Hence for any values of p, q, r we have a unique mapping onto the 
variables A, a, ip. Using the new variables and substituting into (23) we have 
A .. 11,,,(8) =~(A+ a) +~(A - a)cos28cos2(/J +~(A -a)sin 2Bsin 2(/J (27) 
Using the identities (Equation 19) we have 
I I A,11111 (8) = 2(A +a) +2(A - a)cos2(B - <;o) 
I 1 
A5,,,,,(B) = - (A+ a)+ -(A - a)(2cos2 (B - q>)- 1) 2 2 (28) 
As,,111 (B) =a+ (A-a)cos 2 (B - <;o) 
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and fina lly 
A_,11111 (B) = A cos2 (8-ip) +a sin 2 (B- ip) (29) 
Hence the sum of two functions in the form of Equation 29 gives another in a 
similar form. By repetition, the argument extends to any number of peaks. 
The accuracy of Equation 15 ('A theory ') in estimating the more accurate 'T 
theory' wi ll depend on the principal values of absorbance in the cross sectional plane 
perpendicular to the d irection of light, A~;· and A;~:,·. It is important to evaluate the 
error that using the approximate ' A theory' introduces. For a given section, this error 
depends on two variables: firstly, the absolute value of A;;~~', and secondly, the 
difference between A;;;;;· and A;;;•. In a section perpendicular to the optical axis, where 
A';~' = A;:, Equations 13 and 15 are exact and there is no error, conversely, errors will 
be largest for a section containing Aa and Ac where the anisotropy is the most profound. 
Figure 3 shows how the error, calculated by subtracting the numerical integration of 
Equation 13 from Equation 15, depends on A;~N and A;:;• in any section. We propose 
that an error of I 0% for the worst-case section (i.e., the Aa-Ac section) can be taken as 
being acceptable. Therefore, in a population of random sections, the errors for each 
section will vary from zero (sections perpendicular to the optical axes) to I 0% for the 
worst case (the Aa-Ac section), so that the net error for the population will be 
considerably less than I 0%, and therefore within the typical experimental uncertainty of 
polarized measurements. Figure 3 shows that the limit of < I 0% worst-case error is 
achieved for crystals with A';~x <0.3. Note that the error in the ' A theory ' is such as to 
overestimate the measured unpolarized absorbance. In principle it may be possible to 
correct results from the 'A theory' using numerical integration of Equation 13 and 
estimates of the principal absorptions, but in practice it is much simpler to work with 
smaller absorbances by reducing sample thickness. It is not possible to make the 
correction for measurements of integrated absorption under a group of peaks, because of 
the lack of an equation analogous to Equation 12 for integrated absorbance, but 
preparing samples to have a thickness such that the linear value of Ac for the most 
intense peak is kept to <0.3 ensures that the contribution to the net error from the other, 
smaller peaks in the group will be even closer to zero. Requiring the maximum 
absorbance to be less than 0.3 is not inconsistent with other experimental 
considerations, for example, an absorbance of - 0.3 has been shown to give optimal 
precision in absorption measmements (Hughes, 1963; Mark and Griffiths, 200 I). 
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Figure 3 The error from using the approximate ' A theory' (Equation 15) compared to the nearly 
exact 'T theory' (from numerical integration of Equation 13), as a function of linear polarized 
absorptions A111 i11 and A"'a.x. The error is defined as [A _-A _ ]/A . . Actual values of A111;11 (Eq.b) (Ec1.13) (El1. IS) 
and A"'•x for samples used in th is study are plotted as follows: circles - topaz, 1.66 mm thick 
basal section (00 I) for the absorbance peak at 2320 cm·•; diamonds - San Carlos oli vine, 
sections parallel to (00 I) and (0 I 0), 6.448 and 6.336 mm thick respectively, for the peak at 3572 
cm·•; filled stars - seven calcite sections cut parallel to the cleavage (I 011) of thickness 198 to 
1958 ~un , connected by the dashed line, for the peak at 3943 cm· 1; open star - 4.63 mm thick 
ca lcite section parallel to the c-axis [00 I], for the peak at 4272 cm·1, which was investigated by 
Libowitzky and Rossman ( 1996); squares - principal sections of the ' Pakistani' olivine for the 
absorbance peak at 3592 cm·1 (see Table 1 for the thicknesses). The rectangle marks the field 
covered by random sections of San Carlos olivine of 6 mm thickness. 
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It is straightforward to show that A(B) = A111111 sin 2 ()+Amax cos 2 fJ is the equation 
of an ellipse. Consider the cross sectional ellipse in the x-y plane of Figure 1, which has 
the equation 
ax2 +by2 =I (30) 
Note this is the 2-D equivalent of Equation 3 with a diagonal index matrix and z=O. 
Using polar co-ordinates we write 
x = l's. cosek 
y = lj, sin (}k 
(31) 
where Bk is the angle between the polarization vector and the semi-major axis defined as 
the x direction in Figure 1. Combining Equations 30 with 31 we get 
1 '() b'2f) 
-, =a cos- k+ sm * 
,.,,-
(32) 
which is the 2-D equivalent of Equation 3, i.e., an ellipse with semi-major and minor 
axes given by I/..{; and 1/ .Jb respectively. Hence the angular expression for 
-y, absorbance in Equation 32 corresponds to an ellipse with semi axes given by Amin and 
A,-y, d d' A-u nax , an ra lllS - . 
Since we know Equation 32 holds for any direction of light, the absorbance 
function A(B) must be described by a 3-0 absorbance ellipsoid, where the absorbance 
for linearly polarized light at an arbitrary incident angle is given by the inverse square 
of the radius drawn parallel to the polarization vector. This differs from the purely non-
absorbing case, where the refractive index is given by the radius of the index ellipsoid. 
This inverse square relationship between absorbance and the radius of an ellipsoid was 
also proposed by Becker ( 1903) and Dowty ( 1978). 
By substituting Equation 2 into Equation 34, we get an expression for the 
absorbance at any point on the ell ipsoid as a function of the polarization direction of the 
incident light 
(33) 
where (((J
1
,, l/f P) are the spherical co-ordinates of the polarization vector (not the 
direction of light propagation) with respect to the principal axes of the absorbance 
ellipsoid. This expression has been previously (and correctly) stated by Asimow et al. 
(2006) although without any substantive proof. 
Hav ing establi shed the 3-D absorbance ellipsoid, it is usefu l to write its equation 
in a Cartesian co-ordinate system aligned with the principal axes 
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(34) 
or in matrix form 
x ' Mx =I (35) 
where ~ is a position of a point on the surface of the ellipsoid and M is its defining 
matrix 
(36) 
and A0 , Ab, Ac are the three principal absorbances for the anisotropic medium. Since M 
is diagonal, the values along the diagonal are equal to its eigenvalues, and hence the 
three principal absorbances of the anisotropic medium are equal to the eigenvalues of 
the matrix governing the absorbance ellipsoid. 
We have now established a re lation between the absorbance for any d irection of 
incident, linearly polarized light, in terms of the radius of the ellipsoid parallel to the 
polarization vector. The common experimental setup in IR spectroscopy is to align the 
direction of light incidence along one of the crystallographic axes (as in Figure I ) and 
measure the absorbance of linearly po larized IR radiation. By rotating the system 
through 360° (2n), absorbance measurements can be obtained as a function of relative 
polarization angle, A(Ok ) . In this way one can experimentally detenn ine the maximum 
and minimum absorbance values, A;;; and A;:,x. Repeating for all three axes gives the 
three principal polarization absorbances, A(,, Ab and Ac. 
2.1.4. Unpolarized light propagating at an arbitrary angle 
By using the absorbance ellipsoid and analytical geometry, we now extend the 
above theory estab lished for linearly polarized light to the general case of unpolarized 
light propagating in an arbitrary direction. My aim is to show that, contrary to assertions 
in recent literature, absorbance measurements of unpolarized light may be used to 
determine the three principal absorbances and also the total absorbance of the sample. 
The geometrica l s ituation is shown in Figure 4. Here the direction of 
propagation of light is at an arbitrary angle to the three principal axes {x, y, z) of the 
absorbance ellipsoid. We use two angles to describe the propagation direction. The first, 
cp, is the angle between the incident light and the z-axis. The second \II, is the angle 
between the x-axis and the projection of the incident light onto the x-y plane. These 
angles are simply the spherical polar angles for any point along the line of the incident 
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incident light 
Figure 4 The case of incident light at an arbitrary angle to the principal axes of the absorbance 
ellipsoid. The z ' axis is parallel to the incident light, and the x'-y'plane is perpendicular to it. The 
intersection of the x'-y ' plane with the ell ipsoid makes an inclined ellipse (shown as a darker 
line). The incident light direction is given by the two angles (<p, 'l'), which are its spherical polars 
with respect to the x, y, z co-ordinate system. Angles determines the orientation of the x '-y' axes 
within the x'-y'-plane. Here we choose it to be the angle between they' axis and the line of inter-
section between the x-y and x'-y' planes. The three angles (<p, \If ands) together are the Euler 
angles that uniquely rotate one co-ordinate system (x, y, z) onto the other (x', y', z'). (see text 
and Sambridge et al. (2008) in Appendix V for details.) 
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light. The angles (<p, \II) also define the plane perpendicular to the incident light, which 
we call the x'-y' plane. The intersection of this plane with the absorbance ellipsoid 
forms an ellipse (shown in Figure 4). It is convenient to define a second set of axes, 
which we call (x', y ', z'), such that z' is aligned with the direction of the incoming light, 
while x' and y' are perpendicular axes within the x'-y' plane. Both z' and the x'-y' 
plane are completely defined by the direction of light, but there remains some freedom 
in choosing the x' and y' axes, since any pair of perpendicular axes in the inclined plane 
will do. To make the new set of axes complete we introduce another angle, l;, which is 
the angle between they ' axis and the line formed by the intersection of the x-y and x'-y' 
planes. The new axis system is inclined to the principal axes of the absorbance 
ell ipsoid, but is more convenient as it aligns with the incoming light direction (see 
Figure 4). This setup is exactly the same as considered before, with the absorbance for 
any polarization vector within the x' -y ' plane given by Eq uation 15. Therefore if we 
sum the absorbances over all angles fJ in the x' -y' plane we get the total unpolarized · 
absorbance 
I i.~ 
A11,,"°1(rp,1f1) = - f A(B)dfJ 2;r 0 
Using Equation 15 we have 
A 2.~ A . i.~ 
A (m 111) = ~ Jcos2 fJdB + ___!!!!!!... Jsin 2 fJdB 
'"'""' .,,, r 2 2 Jr 0 Jr 0 
and after integration we get 
I 
A,,,,po/ (rp,1/1) = 2(Amin + Am:i.• ) 
(37) 
(38) 
(39) 
Hence the total unpolarized absorbance is just the average of the extremal 
polarized absorbances defined by the inclined ellipse. Moreover we know by analogy to 
the 3-0 case, that the extremal polarized absorbances A~~' and A~~~x are equal to the 
e igenvalues of the 2x2 matrix governing the inclined ellipse. Hence we have 
(40) 
where e111;11 and e111"x are now the eigenvalues of the inclined elliptica l cross section 
defined by the propagation direction ( rp, 1/f). 
Since Equation 40 is based on the approximate expression for angular 
dependence of absorbance Equation 15 rather than the more accurate Equation 13, this 
wil l introduce some error in the unpolarized absorbance (as is demonstrated above). 
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My aim is now to find the relationship between the absorbance of unpolarized 
light in the (<p, 111) direction and the three principal absorbances (Aa, Ab, Ac) of the full 
ellipsoid. Since the principal absorbances are equal to the eigenvalues of the matrix, M, 
the problem to be solved is one of geometry, namely we require the relationship 
between the eigenvalues of the elliptical cross section (e111; 11 , e1110x) and those of the full 
ellipsoid (A0 , Ac and Ac) in Figure 4. 
The key to solving the geometrical problem is to notice that if we were able to 
find the equation of the ellipsoid in terms of the (x', y', z') co-ordinate system, then that 
of the required elliptical cross-section would be obtained by setting z'=O. A general 
method for relating the two co-ordinate axes systems is Euler's theorem, which says that 
any set of orthogonal axes (x, y, z) can be rotated onto any other (x', y', z') using three 
Euler angles. 
Through a set of Euler rotations3 we arrive at the required expression for the 
unpolarized absorbance as a function of the direction angles (<p, If!) 
(41) 
We might then ask whether the above expression for unpolarized absorbance also 
corresponds to an ellipsoid? By using standard trigonometric identities Equation 41 can 
be re-arranged into 
(42) 
Comparison with Equation 4 shows that this is also the equation of an ellipsoid 
with principal values given by A,~'"°', A,~,,,,,,1 , and A,'.;,"°1 along the x, y and z axes 
respectively. Hence the absorbance ellipsoid for polarized light leads naturally to an 
absorbance ellipsoid for unpolarized light (represented now in terms of the incident light 
direction (<p, v1)). The principal (eigen) values of the polarized indicatrix are directly 
related to those of the unpolarized indicatrix. Unpolarized measurements give average 
estimates over all polarization angles, thereby circumventing problems in absorption 
measurements due to light rotation in optically active crystals. 
3 Find a more detailed discussion of the mathematical procedure in Sambridge et al. (2008) in Appendix 
v. 
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2.1.S. Estimating principal and total absorbance from unpolarized measurements 
with random orientations 
With an expression for A11,,,,,,,((fJ,t//) in hand, we can now ask the question ' If 
many measurements of absorbance were taken using unpolarized light for samples with 
random orientations, what does our expression predict would be the average unpolarized 
absorbance?' The answer is found by integrating Equation 41 over the sphere containing 
all angles ( <p, 1.1 ), i.e., we have 
I v1=2n tp=n 
A,',;;;,"' = 47i f f A(<p,lf/)Sin qxiqxll.fl y1: 0 tp=O (43) 
by doing the substitution and calculus we obtain 
OVJ[ - I (A A A )- I A A,,,,,,.,, - 3 u + b + c - 3 IOI (44) 
In other words, the ratio of the sum of the principal absorbances of the sample to 
the average of the measured unpolarized absorbance values over many random 
orientations is equal to 3. Equation 44 provides a direct means to estimate the sum of 
the principal absorbances in an anisotropic sample from many measurements of 
unpolarized absorbance over randomly oriented directions of light. 
2.1.6. Empirical proofs 
I now test both the nearly exact 'T theory' and the approximate 'A theory' 
against systematic polarized and unpolarized measurements of minerals, by analyzing 
mineral sections with a variety of principal linear absorbance values (Figure 3). Firstly, 
I present data from sections of minerals that have sufficiently strong net absorbance 
characteristics that there is predicted to be a clear difference between the 'A theory' and 
the 'T theory ', as demarked in Figure 3. I confirm that in these cases the 'T theory' fits 
the data well, but the 'A theory' does not. I then present measurements from samples 
with absorbance characteristics such that the 'A theory· should be a good 
approximation, and demonstrate empirically that it can be used to recover quantitative 
absorbances from randomly oriented mineral grains. 
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One calcite, two ol ivines and one topaz crystal were investigated in thi s study. 
For the calcite, a series of double-polished thin sections cut parallel to the cleavage 
( I 0 TI) with different thickness were made to investigate the relationship between 
absorbance and thickness. 
The oli vine crystals are from Pakistan and San Carlos, Arizona. The former 
ol ivine was obtained commercially; its exact provenance is unknown apart from its 
country of origin. This ' Pakistani ' oli vine was an idiomorphic crystal with the green 
colour typical of mantle olivine from spinel lherzol ite xenoliths; it is perfectly 
transparent with no macroscopic inclusions or impurities. A sl ightly distorted near 
equi-dimensional cuboid was prepared with faces oriented perpendicular to the principal 
axes as identified from the morphology of the original crystal. The measured 
dimensions of the cube were 1.920 mm parallel to [I 00], 1.944 mm parallel to [O IO] and 
1.865 mm parallel to [00 I]. The degree of misorientation for each pair of faces was 
estimated by observing the extinction positions with a petrologic microscope, which 
revealed that the sections (00 I) and (I 00) are in near perfect alignment with the 
crystallographic axes, whereas the section nominally (0 I 0) is 9° out of alignment. Each 
side of th is reference cube was polished successively with 12, 5 and 3 µm A'203 powder 
in order to avoid light scattering effects. A double polished epoxy mount holding 
eleven randomly oriented fragments of 'Pakistani ' olivine with a thickness of 400±20 
µrn was also prepared. The orientation of eight out of eleven grains was successfully 
determined by EBSD. Another double-polished epoxy mount with 41 randomly 
oriented grains and 210± 15 ~un thickness was also made from the same mineral in order 
to mimic the distribution of unpolarized absorbances that would be obtained by 
sampling of a high-pressure/temperature experiment or similar collection of randomly 
oriented grains. These large, thin epoxy mounts, containing multiple grains, suffer from 
some buckling and inhomogeneity in thickness, which introduces a small experimental 
uncertainty. 
The San Carlos olivine was kindly loaned by Prof. Ian Jackson. It is crystal #I 
from the study of Webb (1989). It is a slightly distorted near equi-dimensional cuboid 
with dimensions of 7 .890, 6.448 and 6.336 mm parallel to the (I 00], (0 IO] and [00 I] 
axes respectively. Webb ( 1989) reports that the presence of low-angle tilt and twist 
subgrain boundaries with in the crystal results in net misorientations of less than 3°. 
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The topaz is a fragment from an original large gem-quality crystal. Other 
fragments from the same crystal are used as EMPA standards at RSES. The section 
studied (00 I) is parallel to the basal cleavage. The section is perfectly transparent, and 
due to the perfect c leavage, no polishing was necessary during preparation. 
The section thicknesses were measured using a Mitutoyo analogue micrometer, 
which is nominally accurate to 3 ~un. 
Analytical protocols 
Chemical a nalysis. Major element analysis of the 'Pakistani' ol ivine was 
carried out by a Cameca SX-100 microprobe at the RSES, ANU using an accelerating 
voltage of 15 kV, a beam current of 20 nA, and ZAF correction. This olivine is 
forsteritic (mg#=90.5) with 9.04 wt% FeO, 0.36 wt% NiO and 0.15 wt% MnO. The 
CaO and A)i03 contents were found to be particularly low (<0.013 wt%, the detection 
limit), indicating a low-temperature origin. To check this aspect of the olivine's. 
provenance further I undertook laser-ablation ICP-MS analysis. The analytical method 
is described in (Witt-Eickschen and O'Neill , 2005), where representative values of trace 
elements in normal mantle olivine may be found for comparison. 1 obtained accurate 
values ofCaO of 0.005±0.0005 wt% and for Al, an astonishingly low 0.1 ppm. The low 
CaO is similar to that in olivine from the pallasite meteorite Brenham obtained on the 
same instrument, but the Al is over two orders of magnitude lower than in Brenham and 
far lower than any other known olivine of terrestrial mantle composition. Because 
minor or trace elements, particularly Ti, can influence the mode of substitution of OH in 
olivine (Berry et al., 2005; Berry et al., 2007b), it is desirable to characterize olivines 
used for IR investigation as far as possible. Other trace elements were found to show 
some variability but representative values of detectable elements are -2700 ppm Ni, 140 
ppm Co, 50 to 120 ppm Cr, 1200 ppm Mn, and -2 ppm Ti and V. Lithium is notably 
high and variable (6 to 25 ppm) but Na is unusually low (below detection, wh ich is 
about 10 ppm due to this element's high background). Sc is high (8 to 26 ppm), and P 
very low (2 to 5 ppm). Thus while the olivine has major-element chemistry and Ni, Co, 
Mn and Cr concentrations that are typical of mantle olivine, other features of its trace-
element chemistry are highly unusual. A major-element analysis of the San Carlos 
olivine is reported in Webb ( 1989): it has Mg# 90.5. The topaz, which is used as a 
microprobe standard for fluorine, has 0.5 wt% H, 43.02 wt% 0, 11.47 wt% F, 29.61 
wt% Al and 15.41 wt% Si. 
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Infrared Spectroscopy. A Bruker IFS-28 infrared spectrometer mounted with 
an A590 Bruker infrared microscope supplied with a nitrogen-cooled MCT detector was 
used for IR analysis (see Berry et al. 2005 for further details). A KBr beam spli tter and 
a KRS-5 polarizer were utilized for analysis. Spectra were recorded in the range of 600 
to 5000 cm·1• The spectra have a resolution of 2 cm·1• Analyses were made with a 
circular aperture of 70 µm diameter while the microscope stage was continuously 
flushed with nitrogen. Spectra were processed using the OPUS® software (Bruker Inc.). 
The background was drawn manually beneath stretching vibration peaks using the 
spline correction of the OPUS® software. Although this may be subjective to some 
extent, it provides consistent results (see Bell et a l., 2003; Peslier and Luhr, 2006). The 
' Integration ' and 'Peak pick' tool of the OPUS® software was then used to measure the 
areas and height of peaks. 
A ubiquitous problem with IR absorbance spectroscopy using nominally 
unpolarized light is that some polarization occurs when the light is reflected by the 
beam splitter and other reflecting optical components. The extent of polarization can be 
estimated by observing the variation in the unpolarized absorbances as the stage is 
rotated, and was found to be - 15% for our instrument in the most an isotropic sections. 
As shown both by the theory and the empirical observations presented in this section 
comparing polarized with nominally unpolarized spectra, this instrumental effect may 
easily be corrected for by taki ng the average of two measurements from perpendicular 
positions in the section. 
EBSD a nalysis. The EBSD system used for th is study is located at the Electron 
Microscopy Unit of the Australian National University and consists of hardware 
supplied by Nord if mounted on a JEOL 6400 SEM with conventional tungsten filament, 
and the software package Channel+ from HKL software. The best patterns were 
recorded at 20 kV accelerating voltage and a nominal beam current of 2 nA. A carbon 
coating (approximately I 0 nm thick) was necessary to avoid charging of the sample. 
The quality of the EBSD pattern varied from grain to grain, but in most cases automated 
detection of five to six bands was possible. The error in the determination of orientation 
is typically less than 2°. Grain orientations are stored as Euler angles as a convenient 
way to relate the orientation of individual grains to a reference coordinate system. See 
Fau l and Fitz Gerald (1999) for further details. 
Uncerta int ies. All uncertainties in this subchapter are reported as± one standard 
deviation. The experimental uncertainties in determining the average unpolarized 
absorbance are assessed as fo llows: I) repeated measurements of the thickness of 
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mineral sections yield a standard deviation of 2%; however, if only the mount and not 
the individual grains are measured for thickness, thickness fluctuations due to buckling 
and other imperfections of sample preparation may amplify this e rror; 2) background 
subtraction was done by fitting a spline function manually. Different choices of where 
to anchor the spli ne function tested on a series of spectra revealed that the uncertainty 
introduced by this procedure was usua lly <± I%, but in detail the uncertainty depends 
on the complexity of the background (cf., Peslier and Luhr, 2006) and strongly on the 
quality of the spectrum; it may be signi ficantly higher if the spectrum is noisy. 
Fluctuations in moisture content during analysis, which affects the background, can also 
introduce non-systematic errors. It is assumed therefore that uncertainty is 
approximately 5% for each unpolarized analysis. The errors can be significantly larger 
for polarized analyses, because both the quality of the polarizer and the determination of 
the orientation of the section introduce additional uncertainties. 
Data were fitted to Equations 13 or 15 by weighted non-linear least-squares. 
regression. The x2 values are calculated assuming uncertainties in individual analysis 
specified in the respective figure captions. Least-squares fitting implicitly assumes that 
the model describes the data reasonably well (e.g., Bevington and Robinson, 2002), 
which is obviously not the case when we try to fit data to the ' A theory' outside the 
latter' s range of applicabi lity. In this situation the resulting 'fit' can vary dramatically 
according to how the data are weighted, and the regressed parameters are more-or-less 
devoid of phys ical meaning. Hence such fits are shown only as a means of quantifying 
how poor they are. 
2.1.6.2. Results 
Testing the 'T theory' 
Using Figure 3 as a gu ide, we selected materials that have a big difference in 
linear polarized minimum and maximum absorbances (A;~· and A;:;;;•), and prepared 
samples with thicknesses that have high values of the maximum absorbance, so that the 
difference between the ' A theory' and the ' T theory' should be much larger than the 
analytical unce11ainty. 
Topaz. The variation of polarized absorbance in a basal section of topaz of 1.66 
mm thickness is shown in Figure Sa. The single peak at 2320 cm·' has all the desired 
featu res to test the validity of the two theories. The linear pola rized maximum 
absorbance is high ( 1.29) and there is a large difference between the linear polarized 
minimum and maximum absorbance (Table 1). Figure 5 displays the angular 
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Table I Major polarized and unpolarized absorbanccs of minerals when 
analyzed from the principal axes 
Topaz 
Linear absorbance at 2320 cm 
-· 
Direction of the 
incident light Polarized Unpolarized 
Thickness min max average 
[0011 1.66 mm 0. 10 1.29 0.69 0.35 
Integrated absorbance (2240-2400 cm-1) 
Direction of the 
incident light Polarized Unpolarized 
Thickness min max averaoc 
[001 ) 1.66 mm 2.54 48.88 25.71 16.09 
San Carlos olivine 
Linear absorbance at 3572 cm·• 
Direction of the 
incident light Polarized Unpolarized 
Thickness min max average 
[001] 6.448 mm 0.00 0.50 0.25 0.19 
(0101 6.336 mm 0.09 0.53 0.31 0.25 
Integrated absorbance (3450-3630 cm"1) 
Direction of the 
incident light Polarized Unpolnrized 
Thickness min max avcraoc 
£001) 6.448 mm 0.0 28.6 14.3 12.2 
[010] 6.336 nun 7.0 28.3 17.7 16.7 
Pakistani o/i11i11e 
Linear absorbance at 3581 cm .. 
Direction of the 
incident light Polarized Unpolarized 
Thickness min max averaoe 
[100] 1.920 mm 0.04 0.36 0.20 0. 18 
[010] 1.944 mm 0.03 0.24 0.13 0. 12 
[001 J 1.865 mm 0. 19 0.32 0.26 0.25 
Integrated absorbance (3500-3630 cm"1) 
D1rec11on ot the 
incident light Principal axis arc normalized to 1 cm of thickness 
Polarized Unpolarized 
min max average 
[100) 1.9 80.9 41.4 38.3 
10101 4.2 58.5 31.3 29.0 
[0011 45.6 75.3 60.5 60.6 
Polarized Unpolarized 
[ 100] Ao 45.6 63.3 Total 
[010) A, 80.9 41.4 Absorbancc 
[001] Ac 1.9 23.7 128.4 
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Figure 5 topaz. a) The I inear absorbance at 2320 cm·1 in a 1.66 mm thick basal section (001 ). 
The clashed peak is the unpolarized absorbancc. b) Angular variation of the linear polarized 
absorbance for the same peak. with the so lid curve and the dashed curve fitted to the 'T theory' 
(Eq. 13) and the· A theo1y· (Eq. 15), respectively assuming an uncertainty of 3% in each datum. 
As expected for this highly absorbing section, the fit of data to the ·T theory· is excel lent, but 
poor with respecc to che ·A theory ' . 
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distribution of the linear polarized absorbance. The data can be fitted very wel l with 
Equation 13 but not Equation 15; the shape of the angular distribution predicted by 
Equation 15 is entirely wrong, and an attempt at least-squares fitting of the data (Figure 
5) cannot account for the higher values. The measured linear unpolarized absorbance is 
only half of what Equation 15 predicts (Table 1), which is in good agreement with the 
theoretically determined error of approx imately I 00%, as estimated for this sample from 
Figure 3. 
San Carlos olivine. San Carlos olivine displays a strongly anisotropic 
absorbance for water-related peaks, with strong absorbance para I lel to [I 00] and weaker 
absorbances parallel to [O IO] and [00 I] (Walker et al.~ 2007). Thi s material is especially 
suitable for investigating the common case of severely overlapping peaks, but in order 
to see a difference between the two theories, an exceptionally thick sample is needed. 1 
have analyzed absorbance in (00 I) and (0 I 0) sections of a San Carlos oli vine cube with 
thickness of 6.336 and 6.448 mm, respectively (Table 1). Figure 6 displays polarized 
spectra taken at different angles in the (0 I 0) section. Two major peaks appear at 3575 
and 3525 cm·' , and a series of minor peaks are present. The intensity of peaks changes 
considerably with angle; however, their shape remains more or less the same (Figure 
6). If the linear absorbance measured at the maximum of the main peak at 3575 cm·' is 
plotted against rotation angle, the data can be better fitted to the 'T theory' than the 'A 
theory', although the difference is, as expected, not as strong as for the topaz (Figure 
5), because the absorption characteristics are closer to those needed for the 'A theory' to 
have acceptable accuracy (solid diamonds in Figure 3). The scatter in the 
measurements is almost ce1tainly due to the difficulties in extracting the peak height of 
one peak from a group of overlapping peaks, which is of course one reason why it 
would be preferable in practice to use integrated absorbance instead. An easy way to 
check if there is a difference between the 'A theory' and the 'T theory ' in a given 
section is to compare the integrated values of the unpolarized absorbance to the average 
of the integrated polarized maximum and minimum absorbances, which tests the 
validity of Equation 15. For the (00 I) section the average overestimates the measured 
value by 17%, whereas for the (0 I 0) section the error is only 6%, and thus within our 
target uncertainty of I 0% (Table 1). These errors are in good agreement with the 
theoretical errors as displayed in Figure 3. To assess the error of using the 'A theory' 
for this particular crystal, we used Equation 15 to generate randomly I 04 pairs of values 
of A;:~x and A;;;• using the measured values of Aa, Ab and Ac. The resu lts cover a 
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San Carlos olivine 
3(iX) 3550 3500 
wavenumber (cnY1) 
270 
3450 3400 
' A theory', x'= 12.44 
'T theory', x2= 2. 13 
measured 
0 
Figure 6 San Carl os o li vine. a) Angular variation of the absorbance spectrum between 3450 
and 3600 cm· 1 in a 6.448 mm thick section parallel to (010). The angles are defined relative 
to the direction of A""~ . The dashed peak is the unpolarized absorbance. b) Angular variation 
of the I inear polarized absorbance for the same peak, with the so lid curve and the dashed 
curve fitted to che ·T theory· (Eq uacion 13) and the ' A theory' (Equation 1 S) respectively. 
assuming an uncertainty or 3% in each datum. 
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rectangular area in Figure 3, with the error for the population average (open hexagon) 
being I 0%, with the worst-case Aa-Ac section having an error of 17%. 
The thicknesses that we needed to discern any difference between the ' A theory' 
and the more rigorous 'T theory' in San Carlos olivine (i.e., - 6 mm) are about 40 times 
the thickness that would be needed to detect I ppm H20 in this olivine on our 
instrument, assuming the calibration of Bell et al. (2003). This in itself is good evidence 
that the 'A theory' wi ll provide acceptable accuracy fo r petrologic measurements. 
Testing the 'A theo1y' 
Calcite. The angu lar variation of absorbance in calcite for a section of thickness 
4.63 mm parallel to [001] fo r single peaks at 4272, 3943 and 3586 cm·1 has been 
reported by Libowitzky and Rossman ( 1996; their Figure 1). These authors showed 
that the measured absorbances are well described by the 'T theory', as are my data on 
topaz. The peak at 3943 cm·' for their calcite section wou ld plot as the open star along 
the x-axis of Figure 3, far beyond the field of acceptable accuracy of the 'A theory'. 
However, if my predictions are correct, the 'A theory' should be applicable to other 
sections of calcite where the difference between the linear polarized maximum and 
min imum absorbance is much smaller. To test these predictions empirically, I have 
analyzed the angular absorbance in ( I 0 I 1) sections, paralle l to the cleavage, using the 
peak at 3943 cm· '. Seven calcite samples were prepared with thicknesses of 198, 612, 
9 18, 1240, 1504, 1715 and 1958 ~tm. The variation of absorbance with angle is shown 
in Figure 7 for four of the sections, together with least-squares fits to both the 'T 
theory' (Equation 13) and the 'A theory' (Equation 15). The 'T theory' fits the data 
well at all thicknesses, and the 'A theory' reasonably so, although in detail the value of 
i for the two th ickest sections are somewhat large (Figure 7). This is in accord with 
predictions, as all sections plot within the fie ld where the 'A theory' is a good 
approximation (Figure 3). The linear polarized maximum and minimum absorbances 
increase linearly with thickness (Figure 8a), as do their integrated counterparts (Figure 
Sb). Both the linear and the integrated unpolarized absorbances also show a linear 
relationshi p with th ickness, which, within acceptable uncertainty, is simply the averages 
of the linear and integrated polarized maximum and minimum values, thus confirming 
Equation 15. The slope of the regression through the maximum linear absorbance 
matches well that reported by Libowitzky and Rossman (1996) for the same peak (their 
Figure 3). 
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Figure 8 Linear (a) and integrated (b) absorbances as a f"unction or· thickness 
for the peak at 3943 c111· 1 in a cleavage parallel section (I 011) of calcite. The 
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polarized absorbances. for comparison with the unpolarized absorbances. 
Numbers indicate the slope of these linear regressions through the origin. The 
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52 
I. Kovacs Chapter 2 Analylical devclupmcnls 
For the integrated absorbance, the unpolarized absorbance from regression of the 
measurements is 0.0372 ± 0.0007, whereas that calculated from the average of the 
integrated polarized maximum and minimum absorbances (shown as a dotted line in 
Figure 8b) is 0.0382 ± 0.0006. Importantly, these data demonstrate unambiguously that 
unpolarized absorbance (whether linear or integrated) is directly proportional to 
thickness and that the unpolarized absorbance is the average of the polarized maximum 
and minimum values within analytical uncertainty. This is my first piece of evidence 
that quantitative absorption spectroscopy can be achieved using unpolarized light. 
'Pakistani' olivine. In this section we compare polarized measurements along 
principal axes with both unpolarized and polarized measurements in randomly oriented 
grains. 
Integrated absorbance in principal sections. The ' Pakistani ' slightly distorted 
near equi-dimensional cuboid was analyzed with polarized and unpolarized infrared. 
light parallel to all three principal axes (Table 1). Four major peaks are present in the 
range 3500 to 3630 cm·': 3611, 3594, 3581 and 3567 (±2) cm·•, which, together with a 
small peak at 3480 cm·1, are characteristic of olivine with [Si] substitution (see Chapter 
1 and Berry et al. (2005), Lemaire et al. (2004), Matveev et al. (2001) and Matveev et 
al. (2005). [Note that other X-ray diffraction studies suggested octahedral, [Mg] 
substitution for the same set of peaks in olivine (Kudoh et al., 2006; Smyth et al., 
2006)]. Another smaller peak at 3700 cm·• is usually attributed to serpentine (Berry et 
al. 2005) and has not been considered further. The change of the spectra with 
orientation is shown in Figure 9. These sections have principal linear polarized 
absorbances at 3580 cm·• that are all within the 10% error field of the ' A theory' 
(Figure 3, Table 1), however the complexity of the spectra, with so many overlapping 
peaks, means that quantification is only feasible with integrated absorbance. The 
integrated polarized absorbances along the principal axes are summarized in Table 1 
and normal ized to 1 cm thickness. The maximum and minimum values may be 
identified as Aa and Ac of the absorbance indicatrix, respectively. The intermediate axis 
Ab of the absorbance indicatrix is not well determined: the values obtained from the two 
sections that contain this axis do not coincide (45.6 vs. 58.5). Because the (010) plane 
is actually inclined by 9° to the corresponding cube face, l take the value of Ab to be 
45.6, from the better-oriented section (Table 1). 
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Figure l 0 Angular variation of the integrated absorbance for the group of peaks in 
the range 3500-3650 cni-1 for ·Pakistani ' olivine: a), c) and c) are the integrated 
polarized absorbances analyzed from the (100), [010] and [001) directions: b), d) 
and t) arc the corresponding unpolarized absorbances analyzed from the l 100], 
[O I OJ and [00 I] directions. Dots represent measured absorbances; dashed curves are 
the fitted angular distribution of absorbance calculated by Equation 15. For the data 
lit, we assumed 3% uncertainty in the individual analysis . 
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The angular variation of both polarized and unpolarized integrated absorbances 
of the peaks in the range 3500 to 3650 cm·1 is plotted in Figure 10. The unpolarized 
measurements show a slight angular dependence due to the instrument polarization (as 
discussed in the Methods section), hence the true unpolarized absorbance was 
calculated from these measurements averaged over 360°. (Note that averaging just two 
measurements obtained 90° apart would be sufficient to correct for instrument 
polarization when determining unpolarized absorbances). There is good agreement 
between the absorbances measured along the principal axes and that calculated by 
Equation 15. 
Integrated polarized absorbance in arbitrC11y sections. The integrated polarized 
absorbances in arbitrary sections of olivine using the epoxy mount with eleven doubly 
polished grains were also measured as a function of angle at 15° intervals through 180° 
(Figure 11 ). The results are titted well by Equation I 5. Some deviant measurements, 
which appear to be random and thus not due to the inadequacy of the theory, are likely 
due to difficulties with analyzing a relatively large and slightly buckled epoxy mount on 
the rotating stage. 
Integrated unpolarized absorbance in arbitrmy sections. The validity of 
Equation 15, already tested satisfactorily on the calcite sections parallel to (I 0 T 1 ), can 
be further tested on my polarized and unpolarized measurements of the ' Pakistani' 
olivine. The unpolarized absorbance is always close to the mean of the polarized 
minimum and maximum absorbances in the principal sections of 'Pakistani' olivine 
(Figure 10, Table 1). In the mount with eleven randomly oriented olivine grains, the 
unpolarized absorbance, which is calculated as the average of two perpendicular 
unpolarized absorbances from a given section, is confirmed to be identical to the mean 
of the respective polarized maximum and minimum absorbances of the same section, 
within experimental uncertainty (Figure 12a). 
integrated unpolarized absorbance as a function of section orientation. For the 
eight grains of ' Pakistani ' olivine whose orientation was obtained by EBSD, the angles 
between the incident light (i.e., cp, 'I') with respect to the principal axes can be 
determined. Using the three polarized principal absorbances measured for 'Pakistani' 
olivine (i.e., Aa, Ab and Ac; Table 1), the unpolarized absorbances can be calculated 
according to Equation 4 I or 42 and then compared to the measured unpolarized 
absorbances (Figure 12b). The agreement between the calculated and the measured 
values is encouraging. Apart from any error due to the fact that the 'A theory' is on ly 
an approximation of the 'T theory', small deviations between measured and calculated 
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Figure 12 a) Comparison of the calculated and measured unpolarized absor-
bances of 11 randomly oriented ' Pakistani ' olivine grains. The calculated 
unpolarized absorbances are the averages of the polarized maximum and 
min imum absorbance fo r each section (Equation 15). ' Measured' unpo larized 
absorbances are the averages of two nominally unpolarized measurements in 
perpendicular directions. to compensate for the slight polarization of nomi-
nally unpolarized light. Both calculated and measured unpolarized absor-
bances are normalized to I cm thickness. b) Measured unpolarized absor-
bances of 8 'Pakistani' ol ivine grains are plotted against values calculated by 
Equation 42 using the integrated principal polarized absorbances, normalized 
to 1 cm thickness. 
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absorbances may arise from: I) the unce11ainty of the EBSD analysis, which depends 
significantly on the pattern quality and background correction; or 2) the EBSD analyses 
were obtained at an early stage of sample preparation, when only one side of the epoxy 
mount was polished. Subsequent sectioning to - 400 ~un thickness and polishing of the 
reverse side, as needed for the JR measurements, introduced some buckling, which may 
have slightly changed the geometry of some grains. 
Distribution of integrated unpolarized absorbance measured on a large number 
of randomly oriented grains. The epoxy mount with 41 randomly oriented fragments of 
'Pakistani ' olivine was used to test whether the average unpolarized absorbance is one 
third of the Total Absorbance (Equation 44). Unfortunately due to the limitations of our 
rotating stage, only one absorbance analysis was made on each grain with unpolarized 
light on this large mount, rather than the two measurements 90° apart that we 
recommend. However, when the mean of the 41 measurements is taken, the errors due 
to the instrument polarization of the nominally unpolarized light will average out. The . 
distribution of the measured absorbance is plotted in Figure 13a. The average 
absorbance of all unpolarized measurements is 43. 1. This is in excel lent agreement 
with the value of 42.8 obtained as one third of the Total Absorbance (Table 1). 
I then randomly generated 2x I 04 unpolarized absorbances for the 'Pakistani' 
olivine, using Equation 41. Their frequency histogram is plotted in Figure 13a, 
together with a curve representing the probability distribution of the absorbance. The 
calculated and measured distributions are encouragingly simi lar considering the 
relatively low number of analyzed grains. This demonstrates that the Tota l Absorbance 
of olivine can be effectively determined with a series of unpolarized measurements on 
randomly oriented crystals. 
2.1.7. Discussion 
An example of quantita tive IR spectroscopy with unpolarized light: 
determining the OH content of the 'Pakistani' olivine 
I now use the ' Pakistani' olivine to demonstrate how water can be quantified in 
olivine using my new approach. It is currently the common practice to calculate the 
concentration of water in olivine and other NAMs from the sum of the integrated 
polarized absorbance along the principal axes (called here Total Absorbance, A101). A 
simplified version of the Beer-Lambert law links water contents to Total Absorbance: 
A101*k = c, where k is the mineral-specific calibration factor and c is the concentration of 
the analyzed species. Bell et al. (2003) determined the calibration factor k for water in 
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olivine, obtaining k = 0. 188±0.012 (as ppm H20). I measure A101 =128.4 cm·1 for the 
' Pakistani' olivine (Table 1), which, from the calibration of Bell et al. (2003), 
corresponds to 24. 1 ppm of water. 
The procedure using unpolarized light on a population of randomly oriented 
grains would be as follows. First we need to establ ish that the sample has 
thickness/absorption characteristics that place it within the field of acceptable accuracy 
as shown in Figure 3. Because the calculation of the error is not possible for integrated 
absorbance (either for one peak or a group of peaks, because Equation 12 only applies 
to linear absorbance), we instead determine what the error using the linear absorbance 
of the most intense peak would be. If prior information on Aa, Ab and Ac of the 
analyzed mineral at a given thickness is available, then the thickness at which the ' A 
theory' holds can be determined using Figure 3. Alternatively, the principal polarized 
absorbances (either linear or integrated) can be estimated from a population of 
unpolarized measurements on randomly oriented grains as follows (see more in. 
Sam bridge et al., 2008 in Appendix V) 
Amax 3A°'11 2A'"in pol = 1111pol - 1mpol 
Amin - 3A"'11 2A""'x pol - 11111w l - 1111pol 
(45) 
We used these relations to calculate linear polarized maximum and min imum 
absorbance (Aa and Ac) for the ' Pakistani' olivine from our measurements of 41 
randomly oriented grains according to Equation 45 (plotted in Figure 14 as the solid 
square). For comparison, the measured principal linear polarized absorbances derived 
from the ' Pakistani ' slightly distorted near equi-dimensional cuboid scaled down to a 
sample thickness of 210 µm are also plotted, and they can be seen to match the 
calculated values within experimental uncertainty. As for the San Carlos olivine 
sample, I randomly generated 104 pairs of values of A';,,~x and A;;;• for 'Pakistani ' 
olivine with a thickness of 210 µm , as plotted in Figure 14. These points cover a 
rectangular field in the error diagram, with both the maximum error (the A3-Ac section) 
and the average error (also shown in Figure 14) of less than 2%. The error from using 
the integrated absorbance of the whole group of peaks will therefore be less than this, 
that is, negligible compared to measurement uncertainty. 
I have demonstrated theoretically and confirmed with measurements that the 
average of unpolarized absorbances is one third of the Total Absorbance. This means 
that the calibration factor for the unpolarized average should be three times the 
polarized calibration factor. So for water in olivine 
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Figure 14 Enlargement of Figure 3 shows that the values of Am"' and A111'x (solid square) calcu-
lated using Equation 45 from unpolarized absorbance of 4 1 randomly oriented ' Pakistani ' olivine 
grains plot well within the field where the ' A theory' is indistinguishable from the 'T theory' . The 
measured values (open square) of A"';" and A"'•x of the 'Pakistani ' olivine, normalized to 210 µm 
th ickness, are also indicated and match calcu lated values within uncertainty (indicated by arrows). 
The rectangle shows the area containing I 0·1 randomly generated pairs calculated from Equation 
41 plot, with the average displayed as an open hexagon. 
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I LA; 
c 11=0 k 3 // ,{} = --· pol • 
. n 
(46) 
where A; is the integrated unpolarized absorbance of an individual grain, which is 
normalized to a reference thickness, n is the number of analyses, k {WI is the calibration 
factor for polarized light and C11i0 is concentration (here in ppm). The average 
absorbance using unpolarized light of 4 1 randomly oriented grains of ' Pakistani' olivine 
is 43.1 if normalized to 1 cm thickness, resu lting in 24.3 ppm of water. This is in 
excellent agreement with the result from the polarized measurements, which was 24.1 
ppm. The important point is that previous calibrations developed for total polarized 
absorbance can be applied to the averages of unpolarized measurements. 
Given absorbance conditions where the ' A theory' is a good approximation, it is 
shown that the uncertainty in the statistical estimation of Total Absorbance is - 20% if 
10 random grains are used, however it can be substantially improved if more grains are· 
analysed. 
It has been recognized that the ' Paterson calibration' with an orientation factor 
of y = 0.5 for unpolarized light (Paterson, 1982) underestimates water contents in 
olivine by a factor of - 2-3.5 compared to calibrations using polarized light (Bell et al., 
2003, 2004; Koga et al., 2003; Mosenfelder et al., 2006). I hypothesize that this is, 
within uncertainty, the factor of 3 that I have discussed above. 
2.1.8. Concluding remarks and future directions 
A commonly held opin ion among spectroscopists has been that accurate 
quantitative spectroscopic measurements using unpolarized light were not possible. 
This opinion flourished because of the lack of a complex theory to describe the 
interaction and absorbance of light in anisotropic materials. Although there have been 
publications dealing with such highly complex phenomena in the physics literature 
(Fletcher, 1892; Pancharatnam, 1955; Ramachandran and Ramaseshan, 196 1; Szivessy, 
1928), there has been on ly limited adaptation of that knowledge to spectroscopy 
(Becker, 1903; Cervelle et al., 1970; Rovira et al., 1988). Without such a theory, 
quantification of absorbance has often been assumed only to be possible using polarized 
measurements along crystallographic or optical axes. Clearly if this were true, 
measurements on randomly oriented sections and thus a statistical approach to data 
collection would not be possible either. Another assumed imped iment has been the idea 
that unpolarized absorbance does not scale linearly with thickness (Libowitkzy and 
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Rossman, 1996). My measurements confirm that in extreme cases where both 
anisotropy and absorbance is high the unpolarized absorbance is indeed not a linear 
function of thickness, but this by itself should not be a limitation if the true relationship 
were known, provided that the relationship is a monotonic function. In discussing this 
matter, Libowitzky and Rossman (1996) implied that unpolarized absorbance can be 
calculated from the extreme polarized transmittances or absorbances as (their Equation 
8) 
Aunpol = -log10[ ~ (T111ax + T min)] = -log10( ~ (Io-Amax+ I o·A11110)] (47) 
The idea behind Equation 47 was that it is the integration of Equation 13 over all 
8. However, this integration is incorrect: as I pointed out earlier, the integral for 
Equation 13 does not have an analytical solution. According to Equation 47, the 
calculated unpolarized linear absorbance should converge to 0.30 I in the section of 
calcite parallel to the c-axis as the thickness goes to infinity, since Trnax + Trnin goes to 
0.5 (see Figure 3 in Libowitkzy and Rossman 1996). This would mean that the 
unpolarized linear absorbance cannot be larger than 0.30 I even if the thickness is 
infinite, which is unphysical. One of the most important findings of this chapter is that 
if a section is within the field of acceptable approximation as depicted in Figure 3, then 
polarized minimum and maximum (either linear or integrated), A;:~· and A';~~, as well 
as unpolarized absorbance calculated by Equation I 5 will increase linearly with 
thickness, as empirically demonstrated for my calcite section parallel to (IOT I) in 
Figure 7. 
The assumption that quantitative measurements could only be made with 
polarized light parallel to a minerals principal optical axes has had several rather 
unfortunate consequences: I) spectroscopic measurements have tended to be done on 
gem-quality crystals that by their very nature are not representative of the mineral and 
often cannot be related to any petrologic environment (witness my ' Pakistani ' olivine, 
with its extraordinary Al and trace-element abundances); 2) the study of triclinic 
minerals like feldspars has been limited (but see Johnson and Rossman, 2003, 2004), 
and for monoclinic minerals like clinopyroxene often only measurements along the b-
axis are reported (cf. Dowty 1978); and 3) the design of experiments measuring the 
water content of NAMs (like olivine) has mostly been compromised to produce large 
crystals that can be oriented, at the expense of crystals equilibrated to the appropriate P-
T-X conditions to produce the equilibrium point-defect concentrations that control the 
different kinds of water substitution. For example, freed of the requirement to produce 
64 
I. Kovacs Chapter 2 Analytical llcvclupmcnts 
crystals large enough to orient, we will be able to quantify how water so lubility m 
olivine changes as a function of pressure, temperature, oxygen fugacity , silica activity, 
trace-element concentration and water activity, by doing experiments in which we can 
reasonably expect to control all these variables, and achieve equilibrium with respect to 
them (see Chapter 3 and Kovacs et al., 2006). The method opens up the possibility of 
analyzing fine-grained natural samples where finding the orientation of individual 
crystals has been difficult or impossible. Sample preparation is simplified, as only 
transparent grains of known thickness are needed. 
Use of unpolarized light also has some major instrumental advantages. Previous 
work has shown that the quality of the polarizer strongly influences the accuracy of 
polarized IR spectroscopy (Libowitzky and Rossman, 1996). Complications arising 
from the rotation of polarized IR light in optically active minerals can be ignored for 
unpolarized measurements. The requirement of thin samples with maximum absorption 
<0.3 matches the ideal range of absorption recommended for many instruments (Hughes . 
1963; Mark and Griffiths, 2001). 
I emphasize that the theory can be applied easily to monoclinic or triclinic 
minerals, because the IR indicatrix in such minerals is no more complex than in 
orthorhombic minerals. The method wi ll therefore allow water contents in low-
symmetry NAMs like clinopyroxenes and feldspars to be determined quantitatively by 
IR spectroscopy. 
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2.2. Cross calibration between SIMS mu/ FTIR using experimental glasses: 
ti eve/oping a tool for providing an independent method for analysing water in NA Ms 
Abstract 
The calibration factor relating the 160Hl0Si ratio (SIMS) to absolute water 
concentration (FTJR) is determined in synthetic hydrous and nominally anhydrous MAS 
and CMAS glasses. The calibration factor (H20 wt% =0.27· 160Hl0Si) appears not to 
be affected by the Si/Mg ratio and iron-content and is ve1J' similar to what was obtained 
for natural basaltic glasses (I-120 wt% =0.3 I .160Hl0Si). The nominally anhydrous 
glasses returned water concentrations above the limit ofdetecionfor both SIMS (0.014-
0.03 where the limit of detection is 0.0013) and FTIR (23-85 ppm where the limit of 
detection is - 1 ppm). The calibration factor for the nominally anhydrous glasses is 
similar to their hydrous counterparts (H20 wt% =0.24·160H/0Si) despite the difficulties 
with analysing close to the limit of detection. 
2.2.1. Introduction 
After developing a more effective infrared method to determine total absorbance 
in NAMs, it is a lso important to have an independant method against which one can 
ca librate total absorbances to obtain calibration factors for FTIR. In recent years 
secondary ion mass spectrometry (SIMS) has become the ana lytical method against 
which the crosscalibration of FTIR has mostly been developed (Aubaud et al., 2008; 
Rossman, 2006). A more detailed account of the S IMS technique can be found in the 
fo llowing references and in the paragraph on my methodology, here I am only 
concerned with aspects of SIMS that are important for my purposes (Aubaud et al., 
2007; Hauri et al., 2002; Koga et a l., 2003; Shimizu and Hart, 1982). SIMS has been 
applied to analyzing water in NAMs since the late '80s (Yurimoto et al., 1989) and it 
has gone through significant improvements over the years. The SIMS is not an absolute 
method for water as it analyses isotopic ratios which are then converted into 
concentrations using (a) calibration line(s) calibrated against known standards (analyzed 
by NRA, manometry, FTIR). The isotopic ratio can be either (1 HP 0Si) or ( 160HJ30Si) 
for water and here I use the latter. The problem is that different minerals may have 
different yields fo r 160HP 0Si depending on their matrix. This means that the same 
160 H130Si ratio can mean rather different concentrations in different substances. Jn 
Chapter 3, I aim to study chemically s imple (Mg0+Si02+H20±Ti02±A'203) 
experimental systems in which the minerals (forsterite and enstatite) may need different 
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calibrations than routinely analyzed natural standards. This is because the previous 
calibration lines for SIMS were obtained mainly on natural minerals and glasses which 
obv iously differ from my simple, iron free experimental systems. 
The presence of Fe or other heterovalent transition metals is thought to be 
particularly important in glasses and minerals because of their effect on electrical and 
thermal conductivity and hence hypothetically on characteristics of ion sputtering. The 
Si/Mg ratio in my targeted experimental compositions (in Chapter 3) varies to allow 
study of the effect of silica activity on water incorporation in olivine (ol) and 
orthopyroxene (opx). The two most important factors on SIMS calibration for water 
(from my point of view), therefore, are the iron-content and Si/Mg ratio. The iron may 
change the resistance of the sample, which acts as an insulator for SIMS purposes that 
can change the properties of ablation. It follows, that I need to check whether SIMS 
calibrations for natural glasses and minerals can be applied to my chemically simple 
compositions. A conventional way of doing this is to analyze synthetic glasses with 
similar chemical compositions and known water concentration (i.e., Aubaud et al., 
2007; Hauri et a l., 2002; Koga et al., 2003). G lasses are widely used because their 
water concentration can be easily and accurately determined by FTIR. This is due to 
glass being isotropic and, therefore, there is no orientation effect on the measured 
absorbance. Furthermore, the extinction coefficients used for the quantification of 
infrared spectra (Dixon et al., 1995; lhinger, 1994; Mandeville et al., 2002; Silver and 
Stolper, 1989) are known for a range of compositions and calibrated against absolute 
methods such as manometry (see the introd uction of C hapter 2). The fact that FTI R is 
cal ibrated against analytical methods (i.e., manometry) other than SIMS, rules out any 
circular referencing and inconsistencies. 
2.2.2. Methodology 
2.2.2.l. Experimental 
To investigate the effects of Si/Mg and iron content on the SIMS calibration for 
water, I produced a series of experimental glasses with varying iron- and water-contents 
based on the MAS and CMAS systems (Ta ble 1). In both systems the iron content is 0, 
I, 5 and I 0 wt%, whereas the water concentration was aimed to be 0, 2 and 5 wt%. 
Given th is large spread in both composition and water concentration, there is the 
potentia l to see any affect that the composition may have on SIMS calibrations. 
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Table J Experimental summary for the synthetic glasses 
sample T(0 C) P (kbar) duration label (min) 
CMAS 1450 0.001 6 -
CMAS 1350 10 12 D-906 
CMAS 1350 9 12 D-838 
-
-
CMASFEI 1450 0.001 6 
-
CMASFE I 1300 10 6 C-2828 
CMASFEI 1300 10 12 D-909 
CMASFE5 1450 0.001 6 
-
CMASFE5 1300 10 6 C-2827 
CMASFE5 1300 10 12 D-909 
-
CMASFEIO 1450 0.001 10 -
CMASFEIO 1300 10 12 D-908 
CMASFE IO 1300 10 6 C-2826 
-
MAS 1450 0.001 10 -
MAS 1270 10 12 D-837 
MAS 1300 10 12 D-911 
-
-
-
MASFEI 1450 0.001 10 -
MASFE I 1400 10 12 R-915 
MASFEI 1450 10 12 R-919 
- -
MASFE5 1450 0.001 10 -
MASFE5 1450 10 12 R-922 
MASFE5 1450 10 12 R-918 
-
~ 
MASFEIO 1450 0.001 10 
-
MJ\SFEIO 1450 10 12 R-920 
MASFEIO 1450 10 12 R-921 
• inilial w:ttcr conccn1r:uion (w1%) addi:d with a syringe to clu: starting mix 
• •d1y composi1ion of the s1a11ing mi>-: 
notes 
box furnace 
--
box furnace 
__ , 
box furnace 
-~ 
box fiirnacc 
CO+C02 atmosphere 
CO+C02 atmosphere 
CO+C0 2 atmosphere 
CO+C02 atmosphere 
1120 glass Si02"'· 1 (wt%)* (wt%) 
2.2 97.8 56.5 
7.0 93.0 S6.J (0.17) 
2.5 97.5 56.1 
5.4 94.6 SS.7 (IJ,/J) 
2.3 97.7 54.6 
2.5 97.5 5'1. 7 (0.118) 
2.9 97.1 52.7 
2.7 97.3 52. 7 (IJ • ./ I) 
4.4 95.6 64.1 
5.1 94.9 62.6 (IJ.U) 
2.8 97.2 63.7 
5.0 95.0 
1.8 98.2 61.7 
5.0 95.0 
2.0 98.0 59.2 
4.6 95.4 
t bold i1alic numbers arc chemical composuions in w1% dc1cm1i11cd by EDS and 1hc numbers in brackcls nrc 1hc rcspccuvc slondord dc\'in11ons 
.-\1203 i\lgO 
15.6 12.3 
ls.I (0.10) y 12.11 (0.20) 
15.4 12.I 
/S.4 (11.IJZ) 11.6 (II.US) 
14.5 11.4 
u.s (0.07) 11.4 (0.1) 
13.4 10.5 
13../ (0.09) /IJ.6 (IJ.U) 
16.7 19.2 
17.I (0.09) 20.J (0.18) 
16.4 18.9 
-
15.5 17.8 
-
14.3 16.5 
Cao FcO 
15.6 
lS.6 (O.lJ) 
15.4 1.0 
15.J (11.IJJ) /.() (11. /J) 
14.5 5.0 
14.5 (0.15) ./.9 (IJ.11) 
13.4 10.0 
/J.2 (IJ.IJI) 111.2 (IJ.12) 
----
1.0 
5.0 
- -- -
10.0 
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Glasses were synthesized from oxide and carbonate mixes. Oxides and 
carbonates were fired before use and then weighed and mixed in acetone. The mix was 
fired again to drive off acetone contamination. Hydrous experiments were carried out in 
3.5 mm platinum capsules by adding water with a high precision syringe. In the 
hydrous experiments I 00-150 mg of mix and 2-7 mg of water were loaded into the 
capsules. The capsules were wrapped in wet tissue during arc-welding in order to 
prevent water loss. Water loss during arc-welding was monitored by weighing the 
capsule, both before and after the welding process. Experiments were conducted in an 
end-loaded piston cylinder apparatus between 1270-1400 °C with pressure at - 10 kbar 
(Table 1). Pressure was calculated from the direct conversion of load to pressure (low 
friction assembly) and is accurate to± I kbar. These experiments were run only for 10 
minutes, as a significantly longer duration may have resulted in considerable water- and 
iron-loss, due to iron forming an alloy with the platinum capsule. Temperature was 
controlled using type B thermocouples (Pt94Rh6'Pt70Rh30) and is accurate within ± I °C. 
Anhydrous experiments with 150-200 mg of mix were carried out in graphite crucibles 
in either box furnaces or furnaces where the oxidation state was controlled by a CO-C0 2 
atmosphere at 1450 °C. The recovered samples were then prepared for FTIR and SIMS 
analysis. Some grains were embedded in epoxy for SEM and macroscopic 
observations. 
2.2.2.2. Analytical 
SEM and EDS analysis 
SEM and EDS analysis was conducted at the Electron Microscopy Unite (EMU) 
of the Australian National University on a Jeol SM 6500 FM operating at 15 Kev and I 
nA. For the quantitative analyses the instrument was cal ibrated against natural 
standards. 
SIMS 
Samples were analyzed at the Carnegie Institution in Washington by an IMS6f 
ion microprobe with analytical parameters set out in Hauri et al. (2002) and Koga et al. 
(2003). The best lateral resolution of the instrument is -15-20 µm with the depth of 
ablation pits usual ly 1-3 µm. Analyses are undertaken when the pressure in the sample 
chamber drops below 5x I 0·9 torr as the sample outgases. The detection limit largely 
depends on a number of factors such as sample preparation and vacuum quality but is 
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usually around 5-10 ppm. The detection limit is determined by analysis of a synthetic 
forsterite that has less than l ppm of water (Koga et al., 2003). The low detection limit 
is made possible by the high quality vacuum, high yield of negative ions due to the 
primary Cs+ beam, small field aperture that blocks ions outside the center of the sputter 
crater and the low current of the electron gun used for charge compensation. The 
sample is sputtered by primary ions which are accelerated to I OkV through an 
electromagnetic field. The primary ion is Cs+, collision of which with the sample ejects 
secondary ions. These secondary ions are channeled into a mass spectrometer where 
they are subsequently separated and detected. The negatively charged ions are counted 
by a Cameca counting system (dead time 44 ns). Simultaneous measurements of 
carbon, fluorine, sulfur and chlorine were also conducted on substances that were 
analyzed for 160H. The counting time was I Os on 160H, 12C 19F, 32S and 35Cl and 2s on 
the normalizing isotope 30Si. A single measurement consists of a 5-min pre-sputter 
period with subsequent collection of five sets of ratios, which comes down to a total . 
analysis time of I 0 minutes. The mass resolution' is quite high and enables me to 
resolve isobaric overlapping between 160H and 170. For the quantification of water the 
160HJ30Si ratio is used. This ratio provides us with a robust analysis that is not 
influenced by primary beam fluctuations or by ionization efficiency changes owing to 
matrix effects (Koga et al., 2003; Shimizu and Hart, 1982). The calibrations are 
regressions of ion probe ratios compared to known concentrations in standards. The 
uncertainty in the calibration for water is typically around I 0% over a wide range of 
chemical compositions (Hauri et al., 2002). 
The sample preparation also requires special attention to ensure the lowest 
possible H background. Therefore, the grains are imbedded in liquid indium and after 
the indium solidifies the mount is polished gradually on different powders. The indium 
has low H-content with respect to other widely used organic mounting materials that 
degass hydrogen under high vacuum (i.e., epoxy). Following this, the sample is placed 
in an oven (usually for a day) at high temperature and low pressure to drive off water 
contamination. The mount is placed in a sample chamber through air locks before 
analysis, and it is kept there till the pressure reaches the operating conditions. 
1 The mass resolution is a dimensionless ratio of M/6M. The higher ratio implies the better mass 
resolution. To distuingish 160H to 170 a mass resolution of 4710 is need as 
M 1601-1 17.0027396541 (-- = 16 17 = = 47 12.3 1 ; atomic weight of isotopes are D.M OH- 0 17 .002739654 1 - 16.9991315 
form http://physics.nist.gov .) 
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FTIR 
FTlR analysis was conducted at the Research School of Earth Sciences using a 
Bruker IFS 28 spectrometer and an A590 IR microscope (see Chapter 2.1 for analytical 
details). The background correction was implemented by using the interactive concave 
rubber band correction of the OPUS® software, where the number of iterations was 
never more than 5. With this correction the background level of the absorption peaks 
was set to nil (see Appendix I for more). The height of the absorption peaks, which is 
used for quantification, was read off the background corrected infrared spectra. 
Water can be incorporated in glasses either as H20 or OH'. Molecular water 
(H20) can fil l in larger cavities in the si licate network of glasses, whereas OH- is 
strongly associated with non bridging oxygen (Dixon et al., 1995; lhinger, 1994; 
Newman et al., 1986; Stolper, 1982). It was found that OH- concentration rapidly 
increases and then reaches its maximum concentration around 2 wt%, whereas H20 
increases s lowly but steadily w ith total water concentration (Dixon et al., 1995; 
Mandeville et al., 2002; Silver and Stolper, 1989). A broad, di ffuse peak around 3550 
cm·' in glasses corresponds to both H20 and OH-, and this therefore accounts for the 
total water (i.e., H20+0H") in glasses (Figure 1). In water rich glasses (> I wt%), 
however, it is usually difficult to analyze thi s peak, because it saturates the detector. In 
most cases, secondary 011 and H20 peaks are used to measure water concentration. 
Absorption peaks at 5200 and 4500 cm·1 correspond to H20 and Off respectively 
(Figure 1). It is a consensus that the height of these peaks is related to absolute water 
concentration. Besides the height of the absorption peaks, the density, thickness and 
extinction coefficients are needed to determine the concentration of water according to 
the Beer-Lambert law: 
M, ·A, 100 
CH,O = • 
- &, . p·I 
Where, cHP is the concentration of water in wt%. The M; is the molecular 
weight of the absorber (g) which is 18.02 for H20. The A1 is the measured linear 
absorbance (peak height). The 1::; is the molar extinction coefficient (L/mol ·cm), p is the 
density (g/L) and t is thickness (cm). The thickness is analyzed with a Mitutoyo 
anaJogue micrometer, which is usually accurate to within 3%. The density of hydrous 
g lasses scatters around 2800 g/L in the MAS and CMAS systems (Liu et al., 2006). 
Given that there is a large variation in the iron content; the Kware Magma® software is 
used to determine anhydrous densities from the chemical compositions (Table 2). 
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5500 4500 3500 2500 1500 
wavenumber (cnr') 
Figure 1 Major absorption peaks of hydrous species (molecular Hp or OH·) in glasses. The 
3550 cm·' absorbtion peak is used for water-poor g lasses and gives information on total water, 
whereas 5200 and 4500 cm· ' peaks are considered for water-rich glasses and provide information 
on molecular H20 and OH· respectively. The defin ition of peak height and integrated area is also 
depicted in the figure . The dashed line indicates the background. Absorbance is in arbitrary units. 
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The variation in the density of the glasses (2741-3062 g/L) is found to be less 
than I 0% despite the large variation in iron content (0-10 wt%) (Table 2), therefore, 
this unce11ainty does not appear to introduce a significant error in the quantification. 
The water also decreases the density of the glasses but it introduces an even less 
sign ificant uncertainty than iron2 (-20 g/L/lwt% H20 ; Ohlhorst et al., 2001). 
Mandeville et al. (2002) demonstrated that there is a linear relationship between the 
extinction coefficients for the second order peaks of mo lecular water (H20; Eswo) and 
hydroxyl (OI-r; 84soo) and the chemical composition. The chemical composition is 
s· 4+ Al3+ 
represented by the cation fraction of Si4+ +Al3+ ( 1 +. ). The cation fract ion is 
L.catron 
calculated from the anhydrous compositions of the glasses. The formulae for the 
extinction coefficients are as follows 
Si 4+ + Al3+ Si 4+ + Al3+ 
84soo=-2.026+4.054· and Eswo=-2.463+4.899· . 
L.cat ion 'f-cat ron 
These extinction coefficients are thought to be accurate within I 0%. The 
composition-dependant extinction coefficients were obtained using a wide range of 
natural and synthetic glass compositions from basaltic to rhyolitic chemistry. It is 
thought, therefore, that they can be extrapolated to CMAS and MAS compositions, even 
if glasses with identical compositions are not included in the regression of Mandeville et 
al. (2002). It is for this reason that a complementary manometry study is in progress to 
justify the use of Mandeville's composition dependant extinction coefficients. For 
anhydrous glasses we can only rely on extinction coefficients of 62 and 69 L/mo l·cm for 
iron-bearing and iron-free andesitic glasses respectively, using the peak height of the 
absorption peak at 3500 cm-• (Mandeville et al., 2002). The composition of these 
andesitic glasses is very similar to CMAS and MAS glasses in terms of Si02 (57.18-
65.05 wt%) and Ah03 (-16 wt%) concentrations (Table 1). The exclusion of 
compositional dependence, nevertheless, may introduce some uncertainty. If all the 
uncertainties are considered during the quantification procedure, an overall error of 20 
and 25% is reasonable for hydrous and anhydrous glasses respectively. 
2 Most of the glasses contain ca. 3wt% of H20 that would decrease the density with 60 g/L that is around 
2% of error with respect to the anhydrous density if an average density of 2800 g/L is assumed. This is 
much less than any other analytical uncertainty in this estimation procedure. 
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2.2.3. Results 
2.2.3.1. Texture and chemistry 
The synthetic glasses are macroscopically homogenous and contain no 
inclusions. The colour of the glasses gets darker with increasing iron content and 
glasses with 5 and 1 Owt% FeO are only transparent in very thin sections. Some control 
analyses were conducted on several glasses and their composition normalized to 100% 
closely resembles the composition of the starting mix (Table 1). There is a slight 
discrepancy with regards to the MAS composition that may be due to matrix effects as 
the MAS system is different to the standards on which the calibration for the 
microprobe was obtained. The deficit of the EDS analysis from I 00% for hydrous 
glasses is not used here to estimate H20, because density effects, which are probably 
due to the e levated iron concentration in some experiments (Brink personal comm.), 
prevented me from obtaining internally consistent deficit values that can be corre lated 
against the techniques used (i.e., SIMS and FTIR). 
2.2.3.2. SIMS 
Three SIMS analyses were carried out on each glass and the maximum standard 
deviation was a lways less than 3.8%. This indicates a fa irly homogenous composition 
in terms of 160HJ30Si ratios. SIMS analysis returned 160Ht3°Si ratios from 1.92 to 18.09 
for hydrous glasses (Ta ble 2). For the anhydrous glasses the 160HJ30Si ratio varies from 
0.014 to 0.030 (Table 2). These values are at least an order of magnitude above the 
background that was 0.00 13 for th is analytica l session. The reported values are 
corrected for the background and this correction becomes especial ly important when the 
analysis is close to the level of detection. 
2.2.3.3. FTIR 
The shape of the main absorption peaks of water (3550, 4500 and 5200 cm.1) are 
the same regardless of the chemical composition. In the hydrous glasses, the 3550 cm-1 
peak saturates the detector so it could not be used for quantification. There is a slight 
variation in the maximum position of the other two peaks (5200 and 4500 cm-1) around 
the ideal positions (Figure 2). The intensity of the background in the high wavenumber 
region (>4000 cm'1), however, increases with iron content in both hydrous MAS and 
CMAS systems (not shown). 3-10 spectra were collected from each glass and for the 
average spectra the standard deviation was usually below 5%, but never exceeded 15%. 
The calculated concentration of water in glasses varies between 0.46-5.17 wt. 
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a) lR spectra for CMAS glasses 
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Figure 2 a) In fared spectra for CMAS glasses normalized to I cm thickness; b) Infrared spectra 
for MAS glasses normalized to I cm thickness. The molecular H20 and OH· peaks are indicated 
in both figures. The height or these peaks are used for quantification. Dashed I ines indicate the 
position of major peaks. Dotted line represents the background. 
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I. Kovacs Chapter 2 Analytical developments 
The concentration of OH. and H20 species against total water agrees well with 
previous results (Figure 3). 
Anhydrous g lasses still display a broad peak at 3500 cm·' just s lightly above the 
background, whereas the secondary peaks at 5200 and 4500 cm·1 are completely 
missing (Figure 4). There are some wiggles in the spectra that likely relate to water 
vapor. Simi lar to hydrous glasses, the absorption increases with iron content in the 
background at higher wavenumbers (not shown). The total water concentration varies 
from 23 to 85 ppm, but these concentrations bear a significant uncertainty, as they are 
based on non composition dependant extinction coefficients (Mandeville et al., 2002). 
2.2.4. Discussion 
The linear fit through the origin for H20 wt% (FT IR) vs. 160H!3°Si analyzed in 
hydrous glasses has a slope of 0.27 and an R2 of 0.98 (Figure Sa). There is still a 
reasonable linear correlation for these two variables in 'anhydrous' glasses, as the slope. 
of the fit through the origin is 0.24 and the R2 is 0.54 (Figure Sb). There is only one 
'anhydrous ' MAS glass with I Owt% iron plotting off the main trend. Apart from the 
larger unce1iainty in the FTIR analysis (0.0 18±0.0026) there is no indication of a 
possible cause for this anomaly. If this datum is disregarded, the fit forced through the 
origin resembles more closely the hydrous glasses (0.26 and R2 of 0.8). This correlation 
indicates that the calibration factor for 160H!3°Si does not change over the considerable 
range of compositions considered here. The MAS and CMAS glasses are rather 
artificial as they contain only a couple of major e lements, but offer a good reference to 
my experiments on water solubility in o l and opx in chemically similar systems (see 
Chapter 3). The results imply that I shouldn ' t expect a large variation in the SIMS 
calibration for my experiments. If I plot calibrations for natural basaltic g lasses3 (Hauri 
et al., 2002; Koga et al., 2003) it turns out that they have a similar SIMS calibration line 
of which the slope is 0.31, agreeing well with that of MAS and CMAS glasses (0.27). 
This difference is statistically not s ignificant and indicates that natural basaltic glasses 
have a similar relationship between the 160H/30Si ratio and water concentration. The 
'anhydrous' glasses are important for my purpose as r would like to analyze water at 
ppm level and not at wt% level. 
3 The natural basaltic glasses are the following from Hauri et al. (2002) and Koga ct al. (2003): 1833-1, 
519-4-1, 1654-3, WOK28-3, 1833-11, 1846-12, 8330, 8333, 8359, 8366, 8399. 
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a) IR spectra for nominally anhydrous CMAS glasses 
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Figure 4 a) In fared speclra for nominally anhydrous CMAS glasses normalized lo I cm thick-
ness; b) Infrared spectra for nominally anhydrous MAS glasses normalized lo I cm thickness. 
The lotal water (molecular I 120 and 01-1- ) peak is indicated in bolh figures. The heighl of peaks 
are used ror quantification. The dolled line indicates the background and all speclra are back-
ground su btracled. 
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a) SIMS-FTIR cross-ca libra tion fo r synthetic glasses a nd natural basaltic glasses 
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Figure 5 a) Cross-calibration for synthetic (this thesis) and natural basaltic glasses. The error 
bars represent I 0 and 20% error for the "'0HP0Si (Sl MS) and 1 lp wt% (FTIR) respectively. The 
li near fits arc fo rced through the origin; b) Cross calibration only for the nominally anhydrous 
synthetic glasses. The error bars represent I 0 and 25% error for the 1<·QH/3°S i (S IMS) and Hp 
wt% (f-TIR) respectively. The 160HP0Si (SIMS) ratios were correctt.:d for the background (see 
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It is interesting, but not completely unexpected; that the nominally anhydrous 
glasses contain some water, indicating that some hydrogen is always present in traces 
during experiments (see also Chapter 4 on experiments in chemically complex 
systems). This implies that other nominally anhydrous experiments may also contain 
some water at ppm levels. The calibration line for anhydrous glasses (0.24 with an R2 
of 0.54) is similar to natural basaltic, MAS and CMAS glasses. The somewhat higher 
uncertainty in the calibration for anhydrous glasses reflects the difficulties of analyzing 
close to the limit of detection for both SIMS and FTIR. The application of a non-
composition dependant extinction coefficient for anhydrous glasses can also introduce 
some additional error. The correlation between H20 wt% (FTIR) and 160H/30Si 
(SIMS), however, is still encouraging and indicates that the calibration factor does not 
appear to change even if the water is analyzed at the ppm level. 
In spite of the chemical simplicity of the MAS and CMAS systems, the H20 and 
OH- vs. total water plot matches well with other studies (i.e., Dixon et al., 1995; 
Mandeville et al., 2002), and this may indicate that the style in which different water 
species are incorporated in glasses is fairly uniform (Figure 2). This similar trend may 
well suggest that the use of the composition dependant extinction coefficients for MAS 
and CMAS glasses is reasonable. 
2.2.5. Conclusion 
The 160H/30Si ratio in synthetic glasses correlates well with water concentration 
determined by FTIR. The obtained calibration lines in glasses [0.27 and 0.3 1 for 
experimental (MAS, CMAS) glasses and natural basaltic glasses respectively] are rather 
similar irrespective of the Si/Mg ratio and iron content. This suggests that the 
calibration factor [ C11 20 (wt%) = 0.301±0.045·160H / 30Si] may be appl ied to all basaltic 
glasses over a considerable range of chemical composition. 
86 
I. Ko\'acs C hapter 2 Analytical developments 
References 
Aubaud, C., Withers, A.C., Hirschmann, M., Guan, Y., Leshin, L.A., Mackwell, SJ., 
and Bell , 0 ., 2007, Jntercalibration of FTIR and SIMS for hydrogen 
measurements in glasses and nominally anhydrous minerals: American 
Mineralogist, v. 92, p. 81 1-828. 
Aubaud, C., Hirschmann, M., Withers, A.C., and Hervig, R.L., 2008, Hydrogen 
partitioning between melt, clinopyroxene, and garnet at 3 GPa in a hydrous 
MORB with 6 wt% H20: Contributions to Mineralogy and Petrology, 001 
I 0.1007/s00410-008-0304-2. 
Dixon, J.E., Stolper, E.M., and Holloway, J.R., 1995, An experimental study of water 
and carbon dioxide solubilities in mid ocean ridge basaltic liquids: I. calibration 
and solubility models: Journal of Petrology, v. 36, p. 1607-1631. 
Hauri, E., Wang, J.H., Dixon, J.E., King, P.L., Mandeville, C., and Newman, S., 2002, 
SIMS analysis of volatiles in silicate glasses I . calibration, matrix effects and 
comparisons with FTIR: Chemical Geology, v. 183, p. 99-114. 
lhinger, P.O., Hervig, R.L., McMillan, P.F., 1994, Analytical methods for volatiles in 
glasses., in Caroll, M.R., Holloway, J.R., ed., Volatiles in magmas, Volume 30: 
Reviews in Mineralogy, 67-121. 
Koga, K., Hauri, E., Hirschmann, M., and Bell, 0., 2003, Hydrogen concentration · 
analyses using SIMS and FTIR: comparison and calibration for nominally 
anhydrous minerals: Geochemistry Geophysics Geosystems, v. 4. 
Liu, X., O'Neill, H.S.C., and Berry, A.J., 2006, The effects of small amounts of H20, 
C02 and Na20 on the partial melting of spine! lherzolite in the system CaO-
MgO-AhOrSi02±H20±C02±Na20 at 1.1 GPa: Journal of Petrology, v. 47, p. 
409-434. 
Mandeville, C.W., Webster, J.D., Rutherford, M.J ., Taylor, B.E., Timbal, A., and Faure, 
K., 2002, Determination of molar absorptivities for infrared absorption bands of 
H20 in andesitic glasses: American Mineralogist, v. 87, p. 813-821. 
Newman, S., Stolper, E.M., and Epstein, S., 1986, Measurement of water in rhyolitic 
g lasses - calibration of an infrared spectroscopic technique: American 
Mineralogist, v. 71, p. 1527- 1541. 
Ohlhorst, S., Behrens, H., and Holtz, F., 200 l , Compositional dependence of molar 
absorptivities of near-infrared OH" and H-0 bands in rhyolitic to basaltic 
g lasses: Chemical Geology, v. 174, p. 5-20 
Rossman, G.R., 2006, Analytical methods for measuring water in nominally anhydrous 
minerals, Water in Nominally Anhydrous Minerals, Volume 62: Reviews in 
Mineralogy & Geochemistry, p. 1-28. 
Shimizu, N., and Hart, S.R., 1982, Applications of the ion micro-probe to geochemistry 
and cosmochemistry: Annual Review of Earth and Planetary Sciences, v. I 0, p. 
483-526. 
Silver, L., and Stolper, E., 1989, Water in albitic glasses: Journal of Petrology, v. 30, p. 
667-709. 
Stolper, E., 1982, The speciation of water in silicate melts: Geochimica et 
Cosmochimica Acta, v. 46, p. 2609-2620. 
Yurimoto, H., Kurosawa, M., and Sueno, S., 1989, Hydrogen analysis in quartz crystals 
and quartz glasses by secondary ion mass-spectrometry: Geochimica et 
Cosmochimica Acta, v. 53, p. 751-755. 
87 

I. Ko\':ics Chapter 2 Analytical dcvclopmcnls 
2.3. Towards substit11tio11 mechanism specific FTI R calibrations for olivine 
Abstract 
It is demonstrated using both natural and experimental olivines that the d([ferent 
substitution mechanisms [Si, Ti, trivalent and Mg] of water each require specific 
calibration factors when calibrating integrated absorbances (FTIR) against absolute 
water concentrations (SIMS). It is shown that the 'Bell' calibration is applicable to [Ti] 
defects and, to a lesser extent, [trivalent] peaks. The calibration factors obtained here 
for [Ti] (0.182±0.067) are similar to the 'Bell' factor (0.188±0.012). The other 
calibration factors for [Si], [trivalent} and [Mg] are 0.572±0.041, 0.178±0.049 and 
0.03±0.03 respectively. This significant variation in substitution mechanism dependent 
calibration factors ernphasises the importance of distinguishing and applying the 
appropriate calibration factor to each defect type in order to achieve meaningful 
quantitative results. Even if there is a broad correlation of these factors with . 
wavenumber, the general application of wavenumber dependant calibrations is not 
adequate. This is because different substitution mechanisms may occur at similar 
wavenumbers but can have distinct calibration factors (see [Ti} and {Si]) or 
alternatively, substitution mechanisms can have very similar calibration factors at 
distinct wavenumbers (see [Ti] and [lrivalent}). Calibrations factors are also 
developed for natural and experimented orthopyroxenes, although lo a certain degree, 
the currenl dataset suggests there may again be a need for substitution mechanism 
specific calibrations. 
2.3.1. Introduction 
One of the major obstacles for the research of water in olivine (ol) is the lack of 
a general calibration that can relate the integrated absorbance of different substitution 
mechanisms (i.e., [Si] , [Ti], [trivalent) and [Mg]) to absolute water concentration. In 
this chapter, calibration factors specific to each substitution mechanism are developed 
for ol ivine (ol). The more complex chemistry of pyroxenes (relative to ol) has, up to 
this point, prevented significant advancement in calibrations for water. Accordingly, 
only some natural and experimental orthopyroxene (opx) will be discussed here and 
considered for calibration purposes. 
Previously, wavenumber and mineral specific calibrations have been applied for 
NAMs, both of wh ich have disadvantages. The wavenumber specific cal ibration is a 
more general approach and thought to be applicable to any mineral, where it is assumed 
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that the extinction coefficient (e) of water in different substances (i.e., glass, minerals) 
shows an inverse correlation with wavenumber (v) (Libowitzky and Rossman, 1997; 
Paterson, 1982, Figure 1). From the slope of the linear fit through these points, thee 
can be obtained for any v. The simplicity of this method is rather appealing, however, 
its application to water in NAMs is not fully justified. Libowitzky and Rossman (1997) 
used hydrous minerals, whereas Paterson ( 1982) used both hydrous (mica) and 
anhydrous (i.e., quartz) minerals in the determination of calibration lines. These 
calibration lines differ as they have the following formulae 300*(3780-v) and 
246.6*(3750-v) in Paterson ( 1982) and Libowitzky and Rossman ( 1997) respectively. 
Additionally, both calibration lines were obtained from relatively water-rich substances 
(-wt%), thus, their application to NAMs, where water is typically present at ppm levels 
is questionable as the physical properties of 0-H dipoles (at ppm levels) can be 
substantially different from 0-H dipoles which exhibit well-defined structural positions 
in hydrous minerals. A recent theoretical investigation by Balan et al. (2008), based on 
quantum mechanical calculations, made the point that while there is indeed a broad 
inverse correlation between the extinction coefficient and wavenumber, it is not 
accurate enough for quantification of water in NA Ms. This is due to the fact that a 
range of extinction coefficients (s) may belong to the same wavenumber, thus, assigning 
a single calibration factor to a particular wavenumber is an inaccurate approach. The 
other method to relate total absorbance to absolute water concentration is to determine 
mineral-specific extinction coefficients (e). This is achieved by relating the total 
absorbance, in a mineral with particular absorption characteristics, to an independently 
determined water concentration. For the determination of total integrated absorbance, 
either the entire spectral range or a specific section containing hydrous peaks, is 
considered between 3000 and 3800 cm-1• It is within this range that water-related 
absorption peaks usually occur in NAMs. Mineral specific calibration factors were 
determined for ol, opx and cpx (Bell et al., 1995, 2003, 2004). In many cases these 
studies did not directly obtain s, but a simplified version of e known as the k1 factor. 
These minerals, however, have particular absorption characteristics (i.e., a set of 
absorption peaks) that are related to a combination of particular substitution 
mechanisms and as a result, mineral specific k values should be applied only to minerals 
1 For calculating water concentration from absorbance we have c11p = k · A,0 , , " 111 or 
A ·M M 
c,,,0 = wr /c,,, A from which k =_A_, where pis the density (g/L), M,1 is the molecular weight 
. p·& p·& 
of the absorbing species (i.e., H20) in grams. 
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with identical absorption characteristics. In particular, Bell et al. (2003) derived a k 
factor for a set of ol that have predominantly [Ti], and subordinately [Si) and serpentine 
peaks. This is a significantly limiting factor, since both experimental and natural ol 
generally display a larger variety of substitution mechanisms, which would each require 
the development of their own k factor. This means for the sake of accuracy, fu rther k 
factors must be developed for Si-vacancy [Si] , (trivalent) and Mg-vacancy [Mg] peaks 
in ol. 
The main obstacles encountered during development of these factors were the 
labour and cost intensive processes involved and the requirement of ol that have peaks 
corresponding to all of the different substitution mechanisms of water. It is for this 
reason that the only available k factor of Bell et al. (2003) based only on three olivine 
grains with predominantly [Ti] peaks, is applied generally to all ol regardless of the 
substitution mechanisms present. I will show that this practice has led to non-
systematic errors in previous quantitative results, the extent of which has yet to be 
determined in detai l. I will attempt to shed further light on this issue in the following 
section. 
2.3.2. Methodology 
2.3.2.1 Strategy 
The aim of this section is to develop calibration factors (k) for the different 
substitution mechanisms (i .e., [Si], [Ti], [trivalent] and [Mg]) in ol by conducting a 
multiple linear regression to fit the experimental SIMS and FTIR data to the following 
equation: 
C (Sf MS) k AIStl k A[7'il k A(1ma/e1111) k AIA·(d 11~0 = ')Si) · w1 1<w + (Ti)· totlc111 + [tr11•t1/"1111( • 101/cm + [Mi:I • wt/<'111 (J) 
For this we require a selection of ol containing different proportions of all major 
substitution mechanisms. This can be achieved by selecting natural ol with known 
substitution mechanisms and/or by conducting experiments using the appropriate silica 
activity and chemistry. The contribution of different substitution mechanisms can be 
easily resolved for the [trivalent, 3400-3300 cm-1] and [Mg, 3300-3100 cm-1] peaks 
since there is no overlap between them, but it is more difficult for the [Si, 3620-3450 
cm-1] and [Ti, 3580-35 10 cm-1] peaks as these substitutions coincide in the spectrum and 
only the position of the main peaks can be distinguished. It is possible, however, to 
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synthetise ol experimental ly that have either [Si] or [Ti] peaks, therefore, th is obstacle 
can be circumvented. 
To determine substitution mechanism specific calibration factors, the normalized 
integrated absorbance of the different substitution mechanisms and the absolute water 
concentrations in ol are needed. The factors, then, can be obtained from a multiple 
linear regression procedure for Equation I using these parameters. The regression, 
however, can be only implemented through analyses of at least as many ol as the 
number of the unknown parameters, thus, we require at least four ol containing all the 
different substitution mechanisms. In th is thesis SIMS was utilized to provide the 
absolute water concentration (see Chapter 2.1 for detail), whereas my own unpolarized 
infrared method developed in Chapter 2.1 was used to determine the integrated 
absorbances for the different substitution mechanisms. 
2.3.2.2. Samples used for standards 
Natural samples 
Two different natural ol were selected for this study, as standards. The 
'Pakistani' ol has been extensively detailed in Chapter 2.1 and contains predominantly 
[Si] peaks. For the detai led mineralogical and chemical properties of the ' Pakistani ' ol, 
please refer to Chapter 2.1. The Fillek ol was hand picked from a peridotite xenolith 
from the N6grad-Gomor Volcanic F ield (NGVF, South Slovakia-Northern Hungary). 
For pyroxenes, natural opx grains were separated from the Finero tectonic peridotite and 
included here as a standard. 
Experimental procedure and samples 
Since all the major substitution mechanisms in ol are needed for the multiple 
linear regression, the experiments conducted were those known to produce the expected 
substitution mechanisms. The opx crystals are from e- and hydrous melt (m)-buffered 
experiments, which are outlined in a more detai l fashion in Table 1 and Chapter 3. To 
produce different substitution mechanisms in ol, the following experiments were 
undertaken: I) periclase (p)-buffered2 experiments in the Mg0+Si02+H20 system for 
[Si] peaks; 2) enstatite (e)-buffered experiments in the Mg0+Si02+(Re4+, Zr4+)+H20 
2 In this thesis three major buffering phases are present for olivine: periclase, enstatite and hydrous s ilica-
rich melt for which the abbreviations are p, e and m respectively. If the system is the simple 
MgO+Si02+H20 then only these letters are used to identify the buffering mechanism, but if different 
elements are added to this system, it is indicated with the initials of the particular elements. For example 
eat means an enstatite-buffered system with added Ti02 and Al20 3 to the simple Mg0+Si02+H20 
composition (see Chapter 3). 
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system (er, ez) for [Mg] peaks; 3) e-buffered experiments in the Mg0+Si0 2+Ti02+H20 
system (et) for [Ti] peaks and 4) e-buffered experiments in the Mg0+Si02+(Sc3+, Al3+, 
Ai3++Cr3+)+H20 systems (es, ea and eac respectively) for [trivalent] peaks. Note that 
while the non-trivalent doping elements (Re4\ Zr4+) in ol give rise to very small 
[trivalent] peaks, this is due to Al3+ contamination in the oxide mix (3400-3300 cm"1). 
The first two groups of experiments (excluding er and ez) were originally undertaken to 
study the effect of pressure, temperature and chemistry on water solubility in simple 
experimental systems, but were subsequently found to be equally as useful for 
calibration purposes, a fact that will be discussed in detail in C hapter 3. The fina l two 
groups of experiments were designed specifically for use in the development of the new 
calibration method (Ta ble 1). The experiments are e-buffered with a starting mix of 
forsterite and I 0 wt% Si02• The starting mix was additionally doped with Ti02, Sc20 3, 
A'203, A'203+Cr20 3, Re02 and Zr0 2 in I, 1, I 0, 1O+1, I and I 0 wt% quantities 
respectively. The different mixes were loaded in 3.5 mm platinum capsules, with 7 
wt% of water added uniformly with a high precision syringe. The capsules were then 
sealed by arc welding, whi lst wrapped in wet tissue to prevent water loss. The capsules 
were weighed both before and after welding, in order to determine whether any water 
loss had occurred. Experiments were conducted at 15 kbar and 1400 °C for 24 hours. 
The experiments were conducted in an end-loaded, !12 inch piston-cylinder apparatus. 
Pressure was calculated from the direct conversion of load to pressure (low friction 
assembly) and is accurate to ±0. I GPa. These experiments lasted for 24 hours, which 
allowed the assembly to compact and re lieve internal friction. Temperature was 
controlled using type B thermocouples (Pt94Rhc/Pt70 Rh3o) and is accurate to within ± I 
°C. The experimental strategy and methods adopted, were inspired by Berry et al. 
(2005), Berry et al. (2007a), Berry et al. (2007b) and Walker et al. (2007). Certain 
modifications to previous experimental models were implemented to fac ilitate growth of 
larger mineral grains ideally suited to FTIR analysis. 
2.3.2.3. Sample preparation 
The natural 'FUlek' ol and ' Finero' opx grains were hand picked from crushed 
peridotites, mounted on a glass plate and held in position by double sided tape. The 
individual grains were placed on the adhesive tape with random orientations and 
embedded in epoxy. The epoxy mount, polished already on the grains' side, was stuck 
to a glass plate fac ing the polished grains with crystal glue and thin down to a thickness 
(~500-1500 µm) at which most of the grains were exposed on both sides of the mount. 
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Table I Experimental conditions and textural features of experiments used for standards 
butler* pressure (kbar) temperature (0C) label•• thickness of thin maximum grain size (11m) 
sections for FTI R 
ol (11m) opx 
c 15 1400 ea 
- - -
c 15 1400 eac - - -
c 15 1400 ct 
-
I 
- -
c 15 1400 es I - - -
c 15 1400 er 
- - -
e 15 1400 ez 
- - -
p 15 11 00 p_ l5_11 00 135 50-100 
-
p 25 1000 p_25_1000 133 100-150 
-
p 25 1100 p_25_1100 11 0 50-120 
-
p 25 1200 p_25_1200 11 5 200-300 
-
p 25 1400 p 25 1400 110 80-120 -
e 15 1100 e_ l5_1100 85 70-1 50 50-70 
c 25 11 00 e_25_11 00 115 50-70 50-1 50 
c 25 1200 c_25_ 1200 140 200-300 50-1 00 
c 25 1300 e_25_1 300 100 200-300 50-150 
c 35 11 00 e 35 11 00 105 50-100 50-70 
m 25 IOOO m_25_1000 130 - 80-100 
111 25 1100 111_25_1100 100 - 80-1 00 
Ill 25 1200 111_ 25_1200 100 - 100-150 
m 25 1400 m 25 1400 145 
-
80-150 
• p = pcriclase-buffered experiments, e = opx-buffered experiments. m = hydrous melt-buffered experiments 
.. the numbers aller the buffer's code indicate pressure (kbar) and temperature (0 C) respectively 
••• ol =olivine. per= periclase. opx = orthopyroxene 
grey areas indicate minerals used as standards 
phases0 • 
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ol+mclt 
ol+melt 
ol+melt 
ol+111clt 
ol+melt 
ol+per+lluid 
ol+per+lluid 
ol+pcr+lluid 
ol+pcr+lluid 
ol+oer+lluid 
ol+opx+lluid 
ol+opx+lluid 
ol+opx+lluid 
ol+opx+lluid 
ol+oox+lluid 
opx+111elt 
opx+111elt 
opx+111elt 
oox+melt 
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This thickness is suitable for ana lysing water-poor NAMs (Figure 2). The experimental 
charges were cut in half, so as to produce double polished sections (see more in 
Chapter 3 on sample preparation). In the other e-buffered experiments doped with 
different elements, the grains were extracted by hand from the charges and analysed by 
FTIR without any further preparation. Mineral separates from peridotites and 
experimental charges were prepared for SIMS analysis following the procedure set out 
in Chapter 2.2. 
2.3.2.4. Analytical techniques 
The chemical compositions of natural samples were analysed by electron 
microprobe. The ol and opx were analysed on the Cameca SX-100 at the RSES; see 
Chapter 2.1 for analytical details. 
The infrared analysis was carried out on a Bruker IFS-28 spectrometer with a 
Bruker A590 infrared microscope at the RSES. For analytical detai ls see Chapter 2.1. 
The thickness of double polished thin sections for FTIR analysis was measured with a 
Mitotuyo analogue micrometer that is nominally accurate to within 2 µm. In some 
cases, where there was a considerable variation in the sections' thickness, the thickness 
of individual grains' was analysed instead (Figure I). Unfortunately, the thickness of 
separated grains from the experiments could not be determined by this conventional 
method and I instead employed the method of Matveev and Stachel (2007) to estimate 
sample thickness. This method uses the integrated area of the 2"d order si lica overtones 
between 1625 and 2150 cm·' in ol for the estimation, as th is parameter seems to be in a 
linear relationship3 with thickness. The method claims to estimate the sample thickness 
with a 15% accuracy, which is in good agreement with an assessment undertaken here 
on ol grains with known thickness (see in Appendix II). The background correction 
and integrations adopted in this chapter are explained in Appendix I. The total 
absorbance was estimated from the average unpolarized spectra. The uncertainty in the 
individual analysis is -3%, whereas the error in the estimation of total absorbance 
changes with the number of grains considered for the unpolarized average, but is never 
higher than 25% (see Chapter 2.1 for more on the unpolarized infrared method). For 
some of the p-buffered experiments and the Sc-doped e-buffered experiment, the 
average unpolarized absorbance was beyond the application field of the unpolarized 
3 A linear fit forced through the origin gives A101=0.6366*t, where A101 is the integrated area of the 2"d 
order silica overtones between 1625 and 2150 cm·• and tis the sample thickness in ~tm. The method was 
developed for the [010] section ofol, but it appears to be valid for the other sections as well (Figure 3 in 
Matveev and Stachel, 2007), and therefore it can be generally applied to any random section. 
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method, thus, corrections were applied to bring the measured integrated absorbances 
closer to their true values. We assumed that the correction factor should be equal to the 
difference between measured and true values in Figure 3 of Chapter 2.1 , assuming that 
the minimum linear polarized absorbance is 0, and the maximum is twice the average 
linear unpolarized absorbance. This correction may be somewhat arbitrary but is still 
expected to provide more realistic results than applying no correction at all. 
The analytical condit ions for the SIMS analysis are the same as those in 
Chapter 2.2, whereas the calibration lines for ol and opx are somewhat different from 
the glass calibrations developed in Chapter 2.2. These calibrations lines for ol and opx 
are constructed by calibrating 160HJ3°Si ratios, measured in natural mineral standards, 
against their absolute water concentrations determined by independent analytical 
methods (manometry, NRA, see Chapter 2.2 for more on SIMS calibrations). The 
calibration factor was 3205 (for ppm of water) for the ol in the e-buffered experiments 
with additional elements and 3477 in the p-, e- and in-buffered experiments and natural 
standards both for ol and opx (Table 2). The SIMS calibration for opx, in the e-
buffered experiments at pressures other than 25 kbar, is 3135 (for ppm of water, Table 
2). The difference in the calibration factor is due to the minerals having been analysed 
in different analytical sessions in which the instrumental parameters may be slightly 
different. An anhydrous forsterite was used to monitor the background concentration of 
water during SIMS analysis. The measured values were then corrected using these 
background values. 
The SIMS calibration line for ol is determined by using natural ol KLV23, 
GRR-1012, ROM250-2, ROM250- I 3 and ROM 177 from Bell et al. (2003, 2004). 
KLV23 and GRR-101 2 were analysed by NRA in Bell et al. (2003) and have 
predominantly [Ti] peaks, whereas the other ol were analysed solely by FTIR using the 
Bell et al. (2003) calibration. The ca libration line for ol as an example, in the analytical 
session where synthetic glasses were analysed (Chapter 2.2), has a slope of 3050 (for 
ppm of water) and is of poor quality when al l the samples are included (R2 = -0.63, 
Figure 3a). The calibration looks a little scattered, as ROM250-2 and ROM 177 lie off 
the main trend with GRR-1012 displaying some inhomogenity. If ROM250-2 and 
ROM 177 are disregarded, and only the other ol are considered for the SIMS calibration, 
its slope is not greatly affected (2828 for ppm of water) but the qual ity is slightly 
improved (R2=0. I 1, Figure 3a). Improving the quality of the SIMS calibration for ol 
will require ongoing investigation in order to account for these anomalies. 
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Table 2 SIMS analysis of natural and experimental standards 
Natural I Experiments 
mineral oli\·inc 
sample label Folck Pakistani Jl p p p p c c et (Ti' ") (15_1100) (25_1000) (25_11 00) (25_1200) (25_1400) ( 15_1 JOO) (35_1100) 
n.o.a . 15 15 8 5 6 5 8 5 2 II 
1('0H/30Si 0.0015 0.0208 0.5730 1.2633 1.2318 1.0381 0.2665 0.0282 0.0868 0.0285 
standard deviation 0.0001 0.0017 0.0363 0.0965 0.1003 0.0209 0.0186 0.0024 0.0064 0.0014 
calibration factor 3477 3477 3205 3477 3477 3477 3477 3205 3205 3205 
H20 (ppm) 5 72 1836 4393 4283 3610 927 91 278 91 
standard deviation 0.4 5 116 309 322 67 59 8 20 4 
Natural I Experiments 
min~ral orthopyroxcnc 
sample label Fincro c c e c e m m m m (25_1 100) (25_1 200) (25_ 1300) (15_ 1100) (35_11 00) (25_ 1000) (25_11 000) (25_ 1200) (25_1 400) 
n.o.a. 13 7 4 2 2 2 5 5 5 5 
•r·o1-1/0si 0.0275 0.0433 0.0620 0.0720 0.0.J/9 0.0391 0.0676 0.0698 0.0783 0.0767 
standard deviation 0.0030 0.0040 0.0050 0.0029 0.0014 0.0020 0.0032 0.0081 0.0023 0.0050 
calibration foctor 3477 3477 3477 3477 3135 3135 3477 3477 3477 3477 
1-1 20 (ppm) 96 15 1 216 250 131 123 235 243 272 267 
standard deviation 10 l.J 17 10 4 6 10 25 7 16 
the 1601-1/ 0Si ratios arc corrected for the background. n.o.a. : number of analysis 
ca cac 
(Al)+) (Cr3• +Al3. ) 
7 2 
0.0352 0.0469 
0.0012 0.0032 
3205 3205 
11 3 150 
4 10 
er CZ cs 
(Re1') (Zri.) (Sc" ) 
8 9 3 
0.0273 0.0302 0. I I 24 
0.0012 0.0015 0.0049 
3205 3205 3205 
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Figure 3 a) SIMS calibration line fo r ol based on different natural mineral standards (see text for 
more detail). The so lid line and the dashed line represent cal ibration lines for all scandards and 
standards excluding ROM 177 and ROM250-2 ol respectively. The calibration lines are least 
square fits forced through the origin ; b) SIMS ca li bration for opx based on natural mineral stan-
dards (see text for more detail). 
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For the construction of the opx calibration line, natural minerals (lndiaOpx, 
ROM273, A288 and KBH I) were used from Koga et al. (2005) and Bell et al. ( 1995, 
2004). All but the KBH I opx were analysed by FTJR using the calibration factor of 
Bell et al. ( 1995), but the values were increased by factors of two so as to bring them in 
line with manometry results. The KBHl opx was analysed by manometry and reported 
in Bell et al. ( 1995). The calibration line, again as an example, was constructed during 
the session with synthetic glasses, and gives a factor of 2930 (for ppm of water) with an 
R2 of 0.979 indicating good quality (Figure 3b). The SIMS calibration factors are 
similar and always around 3000 (for ppm of water) for ol and opx. This value is in 
excellent agreement with that found for both natural basaltic (-3100) and experimental 
glasses (-2700, Chapter 2.1). It is still of substantial importance, however, to check 
the calibration lines in significantly different chemical systems, before applying any 
calibration factors. 
2.3.3. Results 
2.3.3.1. Texture and Chemistry 
The FUlek ol has a small average grain size (-1-2 mm). The grains are hedral-
euhedral and display a green colour with a strong yellowish hue. Inclusions and 
hydrous lamellae can be observed macroscopically within the grains. The mg# and Ni-
content in the 'FUlek' ol are 0.90 and 0.42 respectively. The opx grains separated from 
the Finero peridotite are -I mm in size with a brownish-yellowish colour and 
macroscopic inclusions and hydrous lamellae visually observable (Figure 2). The opx 
has CaO, A[i03 and Cr20 3-content of 0.31, 0.85 and 0.27 respectively (Table 3). 
The experiments usually returned relatively big (-500 µm) ol grains in the e-
buffered experiments with doping elements. The crystals are transparent, colourless and 
macroscopically free of inclusions and lamellae of hydrous phase impurities. The 
crystals can be easily distinguished from the matrix which lacks transparency and 
displays a porcelain-like appearance. There are some differences between the run 
products detectable in the SEM images taken from the mounts prepared for the SIMS 
analysis (Figure 4). Jn the Re, Sc, Ti and Zr-doped experiments (er, es, et and ez) there 
are bigger grains of ol (200-500 ~tm) in the matrix which can be easily separated. The 
Al+Cr and Al-doped experiments (eac, ea), however, returned smaller grains (50-200 
µm) with vesicular textures due to the presence of fluid inclusions the separation of 
which from the matrix was not feasible , and as such, their FTIR measurements were 
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Table 3 Chemical composition of the natural standards 
ol opx 
Fiilek Finero 
n.o.a.* 1 1 stdev 9 
Na20 n.d. 0.01 
MgO 49.0 0.2 33.8 
Al20 3 0.02 0.01 0.85 
K20 n.d. 0.01 
Cao 0.14 0.0./ 0.31 
Ti02 n.d. 0.03 
Cr20 3 0.03 0.01 0.27 
MnO 0.13 0.01 0.19 
FeO** 9.3 0. 11 7.03 
NiO 0.42 0.03 n.a. 
Si02 41.8 0.3 57.5 
Total 100.9 100.02 
mg# 0.90 0.90 
*n.o.a. = number of analysis; **FeO = iron calcuated as all iron is Fe2' 
n.d. = not detected, n.a. = not analysed 
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unable to be carried out on clean, separated grains. The textural features of ol and opx 
in the p- and e-buffered experiments are described in Chapter 3. 
2.3.3.2. SIMS 
The 160H!3°Si ratio is homogeneous for each standard with the standard 
deviation typically in the 5-10% range. The error in the calibration lines is I 0%, and 
therefore, the net uncertainty for each standard is expected to be ca. 15%. The natural 
samples generally have a lower water concentration (5-72 ppm) than those produced 
experimentally. The most water rich natural sample is the ' Pakistani' ol with 72 ppm, 
whereas the 'Fiilek' ol's water concentration is just above the limit of detection (5 ppm, 
Table 2). The ol in the p- and e-buffered experiments without added elements has 927-
4393 and 183-585 ppm water respectively (see more in Chapter 3). The ol in the 
doped e-buffered experiments (Al, Ti, Re and Zr-doped) have water concentrations 
between 87 and 11 3 ppm (Table 2). The most water rich ol among doped e-buffered 
experiments is the sample doped with Sc (360 ppm). The ol in the experiment doped 
with both Al and Cr has 150 ppm water, which sti ll represents ca. 50% more, on 
average, than that in other doped experiments (except Sc), although both this sample 
and the ea experiments contain a significant number of fluid inclusions. The 'Finero' 
opx has 96 ppm of water. The experimental opx used as standards from the e- and m-
buffered experiments have 59-250 and 235-272 ppm respectively (Table 2, see more in 
Chapter 3). 
2.3.3.3. FTIR 
Qualitative description of spectra 
The 'Pakistani ' ol has predominantly [Si] peaks at 36 11 , 3594, 3581 and 3480 
cm·1 and a serpentine-related peak at 3700 cm·1• The presence of small [Ti] peaks 
cannot be excluded, but the ' Pakistani ' ol has only 2 ppm Ti02 (see Chapter 2.1). The 
'FUlek ' ol does not have any intrinsic water peak above the limit of detection, and the 
spectrum above 3630 cm·1 is noisy and does not form well defined absorption peaks 
(Figure Sa). 
The absorption peaks in ol are generally stronger in the experimental samples. 
The main [Si] peaks (at 3613, 3593, 3579, 3567, 355 1, 3535, 3478, 3450 and 3405 cm· 
1) are the only absorption peaks in the p-buffered experiments but are present in all 
other standard ol (Table 4, Figure Sb). The [Ti] peaks (3572 and 3525 cm.1) only 
appear in the Ti-doped e-buffered experiment, in which the intensity of the (Si] peak at 
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Figure 5 Average unpolarized infrared spectra normalized to I cm thickness for 
mineral standards: a) natural and e-buftered olivine standards; b) p-bufkred oliv-
ine standards; c) orthopyroxene standards. The major subtitution mechanisms are 
separated by dashed I in es for ol ivines. Sol id I in es indicate characteristic absorb-
tion peaks. Asterisks mark peaks that are not intrinsic water peaks but represent 
organic con tarn ination l c ( 15_1 I 00)) or overlapping opx [e (35_ 1100)]. 
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3613 cm·1 is small relative top-buffered experiments. The [trivalent] peaks occur in 
each doped e-buffered experiment between 3300 and 3400 cm·1 but their contribution is 
more significant in the Sc- and Ti-doped experiments (Table 4, Figure Sa). The 
position and number of the [trivalent] peaks change with the doping element as 
demonstrated by Berry et al. (2007a) (Table 4). The [Mg] peaks either at 3220 and 
3160 cm·1 are present in a ll e-buffered experiments (Figure Sa). In the eac and ea 
experiments the spectra were dominated by the signal originating from fluid inclusions 
and could not be used for either qualitative or quantitative purposes. 
The 'F inero' opx has four major peaks at 3566, 3546, 3520 and 34 I 5 cm·1 
(Table 4, F igure Sc). There are strong peaks in the region (>3630 cm.1) where hydrous 
phases usually appear. The experimental opx have two peaks at 3360 and 3060 cm·1 in 
both e- and in-buffered experiments. Some opx in in-buffered experiments have 
additional, but very small peaks around 3475 cm·1 (Table 4, F igure Sc). 
Quantitative 
The integrated absorbances of the different substitution mechanisms are 
evaluated separately. The hydrous lamellae (serpentine, amphibole, phlogopite etc.) 
peaks (>3630 cm·1 [hydrous] 4) are also considered as a separate group. 
In the F i.ilek ol, only low-level noise is observable above the background in the 
in frared spectra (Figure Sa). These peaks are more intense in the hydrous region 
(>3630 cm.1), wh ich may indicate the presence of smal l hydrous lamellae or fluid 
inclusions. To be on the conservative side it is safer to assume that the integrated area 
of these peaks is nil or close to the limit of detection for the FTIR. The [S i] peaks in the 
'Pakistani ' ol have a total absorbance of 1345, whereas the [hydrous] peaks' 
contribution is on ly subordinate (5.97). This makes 'Pakistani ' ol ideal for the [Si] 
substitution mechanism. The ol in the p-buffered experiments has total integrated 
absorbances that vary from 2 143 to 7050 in the [S i] peaks and sometimes show 
considerable contribution from [hydrous] peaks (0-2915, Table 4). Jn the e-buffered 
experiments [Si] and [Mg] peaks have integrated absorbances in the range of 183-585 
and 5- 11 7 respectively. The ol in the doped e-buffered experiments has contribution 
from all but the [hydrous] peaks. The [S i] peaks have a s imilar contribution (63-200) 
regardless of what element was used for doping the experiment (Ta ble 4). There is a 
4 This lower limit of 3630 cm·1, however, is not the same for each NAM. This is because opx and cpx 
often have intrinsic (structurally bound water) absorption peaks up to 3650 cm·1• 
5 This is higher than 128.4 reported in Table 1 of Chapter 2.l , but for that value only the 3650-3500 cm·1 
region was included in the integration without the peak at 3480 cm·1• 
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far greater variation in contributions from the [trivalent] and [Mg] peaks. The 
integrated area of the [trivalent] peaks is small in the experiments doped with Re and Zr 
(3.4 and 7 .81, respective ly), whereas those of the [Mg) peaks are the highest (832 and 
587 respectively, Table 4). The Ti- and Sc-doped experiments have more contribution 
from the [trivalent] peaks (50 and 1325, respectively) and less from the [Mg] peaks (228 
and 212, respectively). In the Ti-doped experiment the [Ti] peaks have a contribution of 
217 integrated absorbance units. 
The integrated total absorbance is 291 for the ' Finero' opx, with the different 
substitution mechanisms unable to be distingui shed as the peaks are high ly overlapping. 
The two major peaks at 3360 and 3060 cm·1 in opx from the p- and e-buffered 
experiments have integrated absorbances in the range of 257-1274 and 27-487 
respectively (Table 4). 
2.3.4. Discussion 
2.3.4.1. SIMS calibrations 
In Chapter 2.1 I outlined the appearance of SIMS calibrations for synthetic 
MAS and CMAS glasses, while here the focus is on natural and experimental minerals. 
Thus, it is important to cal ibrate SIMS against mineral standards which more closely 
resemble the matrix properties of the target minerals. As it is shown above, there is 
some discrepancy in the SIMS cal ibration for ol. The reason why ROM250-2 and 
ROM 177 deviate from the main trend may be that they have considerable contribution 
from substitution mechanisms (i.e., [Mg]) other than [Ti], on which the ' Bell ' 
calibration was developed. This reinforces the importance of developing substitution 
mechanism specific calibrations, rather than applying a single factor that is only suitable 
for a particular substitution mechanism. Koga et al. (2003) and Aubaud et al. (2004) 
managed to obtain SIMS cal ibration lines for 1Ht3°s in ol. The calibration lines in both 
studies show a large scattering for ol in which the water concentration was determined 
by FTIR as an independent method, using the 'Bell ' calibration for quantification. This, 
again, indicates that there may be a general problem with applying a single calibration 
factor that was developed solely on ol with predominantly [Ti] peaks. 
There is an indication, that in spite of the similarity between SIMS calibrations 
for synthetic glasses, ol and opx, that the SIMS calibration for magnesium-rich silicate 
minerals may vary. This question arose after chondrodite and clinohumite were both 
identified in a p-buffered experiment at 35 kbars and 1100 °C by EDS analysis. The 
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chondrodite has less si lica (34.97 wt%) and more magnesium (58.78 wt%) with respect 
to forsterite and gives consistently low totals (93.75 wt%, Table 5). The clinohumite 
also has higher MgO (58.44 wt%) with respect to forsterite but has higher totals (96.81) 
than the chondrod ite. The stoich iometry of these phases closely resembles that of ideal 
clinohumite and chondrodite (Ta ble 5). Other hydrous magnesium sil icates that may be 
stable at the condition of this experiment are also presented for a comparison in Table 5 
(A-phase, lizardite, norbergite, Pawley, 2000; Stalder and Ulmer, 200 1; Wunder, 1998). 
The SIMS analysis a lso returned exceptionally high 160Hi3°Si ratios of 18.0 and 36.8 
for clinohumite and chondrod ite respectively. The calibration of stoichiometric 
amounts of water in chondrod ite and clinohumite against the 160H!3°Si ratios would 
give a factor of 1474 (for ppm of water), wh ich is half of what was determined in my 
investigation for ol and opx. Even if the matrix properties of these substances are 
significantly different, it may be a worthwhile exercise to calibrate SIMS against dense 
(Mg-rich) hydrous phases in the future. 
2.3.4.2. Calibration of the different substitution mechanisms in ol 
The 'Fil lek' o l has virtually nil integrated absorbance, and even the hydrous 
peaks occur just at the limit of detection (Table 3, F igure Sa). This is in agreement 
with the SIMS result of 5 ppm, which again, is just above the li mit of detection for 
SIMS. It is not possible to obtain any calibration factor for the 'Fi.ilek' ol, as the 
integrated absorbance for each substitution mechanism is c lose to the limit of detection 
and as such would bear considerable uncertainty. Therefore, the 'Flilek' ol is not 
included in the multip le regression procedure below. 
The 'Pakistani' and experimental ol standards provide an excellent opportunity 
to develop calibration factors for the different substitution mechanisms (i.e., [Si], [T i] 
[trivalent] and [Mg]). Integrated absorbances for the different substitution mechanisms 
were determined for twelve ol standards (Table 4, large ol grains transparent enough for 
FTl R analysis could not be separated from the Al- and Al+Cr-doped e-buffered 
experiments). 
If the total integrated absorbance for each of my ol standards (i.e., 
A1si1+A1TiJ+Ar1rivalcnt]+A1MgJ) is plotted against their absolute water concentration (Figure 
6) there is a scattering of data points as opposed to a straight calibration line. Note that 
this is the same routine followed by Bell et al. (2003) in determining a mineral specific 
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Table 5 Chemistry of silicate phases at 35 kbar and 11 00 °C in a p-buffered experiment. Composition of some major hydrous 
silicates are presented for a comparison. 
n.o.a. 6 4 chondrodite clinohumite 
wt% stdcv wt% stdcv MgsSi208(0H)2 Mg9Si4016(0H)i 
MgO 58.78 0.86 58.44 0.62 59.32 58.40 
Si02 34.97 0.22 38.37 0.59 35.38 38.70 
H20 n.a. n.a. 5.30 2.90 
Total* 93.75 96.81 94.70 97.10 
Mg 5.01 9.04 5 9 
Si 2.00 3.98 2 4 
0 9 17 9 17 
• anhydrous total; stdcv = standard deviation. n.o.a. =number of analysis. n.a. =not analysed 
0 number of cations on anhydrous basis 
A-phase lizarditc norbcrgitc 
Mg7Si10 8(0H)6 Mg3Si20s(OH)4 Mg3Si0i0Hh 
61.83 43.64 55.72 
26.34 43.37 27.69 
11.84 12.99 16.59 
88.16 87.01 83.41 
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calibration factor for their [Ti) peak dominant ol. There is, however, a pattern in this 
variation (Figure 6), as ol with dominantly [Si] substitution plot along a relatively well-
defined line, while those associated with alternative substitution mechanisms are seen to 
depart from this trend. The [Mg] peak dominated ol fall a long a somewhat shallow 
linear fit forced through the origin, whereas data points fo r the [trivalent] and [Ti] peaks 
appear along a line in between the [Mg] and [Si] trends. This is a direct indication that 
single, mineral specific calibration factors cannot accurately be applied to ol with 
different dominant substitution mechanisms, as each of these mechanisms needs to be 
evaluated individually. 
In my case, the dataset containing integrated absorbances and absolute water 
concentrations from different o l, allowed the estimation of calibration factors for 
different substitution mechanisms by undertaking a multiple linear regression analysis, 
as outlined in the Methodology section. The multiple linear regression gives 
0.572±0.041, 0.182±0.067, 0.178±0.049 and 0.03±0.03 for [Si], [Ti], (trivalent] and 
(Mg] respectively . The factor for the [Mg] substitution was close to nil in an original 
regression, which is an unrealistically low figure. Thus, I assumed the factor for [Mg] 
should be -0.03±0.03 so as to be in agreement with predictions from the wavenumber 
dependant calibrations of Balan et al. (2008) and Libowitzky and Rossman ( 1997) 
(Figure 7, and see also below), but emphasise that this cali bration factor appears very 
low (<<0.1 ). The regression was repeated while fixing the factor for [Mg] at 0.03±0.03, 
which did not change the calibration factors for the other substitution mechanisms. The 
error for this regression including twelve ol standards is x.2 = 1.42 assuming I 0% and 
20% error in the SIMS and FTIR data respectively, indicating a good fit. The 
calibration factor determined from this regression for [Ti] (0.182±0.0670) is in excellent 
agreement with the ' Bell' factor (0.1 88±0.012) obtained on ol with predominantly [Ti] 
peaks. The error, nevertheless, is significant (- 30%), indicating that it leans only on 
one ol standard with [Ti] peaks. The [trivalent] peaks have a very s imilar calibration 
factor to (Ti] peaks and are indistinguishable with in the margin of experimental error. It 
is simply a fortunate coincidence that the ' Bell ' calibration is also applicable to 
[trivalent] peaks. The [Si] peaks, however, have a cal ibration factor that is larger by a 
factor of three with respect to [Ti] peaks, even if their spectral ranges overlap 
considerably. Hence, it is of substantial importance to identify these substitution 
mechanisms and apply the appropriate calibration factor. This is readily achievable as 
[Ti] peaks have distinct positions at 3572 and 3525 cm·1 and only occur in Ti-bearing 
systems, as opposed to [Si] peaks wh ich occur over a large wavenumber range 
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(3630-3400 cm"1) and typically in Si-undersaturated systems. Integrated absorbances 
for four [Si] peak dominated ol from the p-buffered experiments are corrected due to 
their average unpolarized absorbance being beyond the application field of the 
unpolarized method, however, this does not appear to introduce a significant uncertainty 
in the estimation. The ' Pakistani ' ol with predominantly [Si] peaks (analysed by both 
traditional polarized and new unpolarized methods), has a calibration factor of 0.537 
which agrees, within the margin of error, with that obtained from the regression 
(0.572±0.041) for [Si] peaks. The [Mg] peaks, as was demonstrated above, have a 
small calibration factor (<<0.1 ), meaning that even if their contribution is large, in terms 
of integrated absorbance, they may account for only a very small fraction of water. This 
also explains why ROM250-2 and ROM 177 ol fall considerably above the SIMS 
calibration line, as their water concentration is largely overestimated by the use of the 
' Bell' calibration. Accuracy of the substitution mechanism specific calibration factors 
can be improved by analysing a greater number of ol with all existing substitution 
mechanisms and absorption characteristics, a task well suited for the unpolarized 
infrared method developed in Chapter 2.1. 
The regression was also conducted with inclusion of contribution from [hydrous] 
peaks (Table 4) during the fitting routine, without modification to calibration factors for 
the other substitution mechanisms, implying that SIMS does not necessarily ' see' the 
hydrous phases due to the small sample volume relative to FTIR. This arises because 
the volume seen by tl1e FTIR is usually 50-70 µm in diameter, with a resolvable 
thickness equal to the section thickness, typically 60-80 ~un. This translates to a sample 
volume6 of -20000 µm 3• The diameter of the SIMS ablation pit is 20-25 µm with a 
depth of 1-2 µm , which corresponds to a sample volume of - 700 µm3. This shows that 
FTIR samples at least two orders of magnitude more volume than the SIMS and is 
likely to include hydrous phases which are usually present as scattered chain or planar 
defects in NA Ms (Veblen and Buseck, 1979, 1980, 198 1 ). These hydrous phases can 
give raise to absorption peaks even when present at very low concentrations as their 
structurally bound water absorbs infrared light very efficiently. This fortunate ly does 
not affect my calibration, as the majority of the ol standards used for its derivation do 
not have significant contribution from [hydrous] peaks, based on their FTIR spectra. 
The 'Finero' opx has a calibration factor of 0.33, but due to the difference in its 
6 Sample volume is calculated assuming a cylindrical shape and therefore using the formula of r1*tc*I, 
where r is the radius of the cylinder that is half of the diameter, and I is the height of the cylinder which 
equals either to the thickness of the studied section or the depth of the ablation pit for fTIR and SIMS 
respectively. 
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absorption characteristic from those of experimental opx, it is not included in the 
regression. The regression was conducted for the nine opx having two major peaks at 
3360 and 3060 cm-1 in the e- and m-buffered experiments. The calibration factor is 
0.435±0.033 for the 3360 cm·1 peak with a x2 = 3.02 indicating a larger uncertainty for 
this fit. The 3060 cm-1 peak was not used in the regression as it gives a low and poorly 
determined factor (-0), and was not shown to improve the fit. This is consistent with 
the [Mg] peaks in ol having a similarly low factor at slightly higher wavenumbets (3150 
cm-
1). The uncertainty in the 3060 cm-1 peak is due to its overlapping with peaks of 
organic solvents which are extremely difficult to subtract (Figure Sc). For opx, the 
non-corrected integrated absorbances are used for the regression as only ~ small 
proportion of the absorption peaks are beyond the application field of the unpolarized 
infrared method. Note that both calibration factors determined for the ' Pinero' opx 
(0.33) and the 3360 cm-1 peak in opx (0.437) from m- and e-buffered experiments differ 
considerably from that (0.0674) of Bell et al. (l 995) implying that future work is needed _ 
for the calibration factors in opx. 
2.3.4.3. Comparison with wavenumber dependant and mineral specific 
calibrations 
The calibration factors appear to increase with the average wavenumber7 of the 
dominant substitution mechanism. The calibration factors (k[SiJ, k1n1, kr1rivalcn1J and ktMgJ) 
are converted into integrated molar absorption coefficients (t) using 
MA 
t:=--
p· k where 
' 
M,, is the molar weight of water ( 18.02 g), p is the density in g/L being 3240 and 3290 
g/L for ol and opx respectively, and k is the calibration factor (for wt% of water). The 
(Mg] factor was estimated as an average of the wavenumber dependant calibrations at 
3150 cm·1, and is around k1MgJ - 0.03 or t 1Mgl - 195000. The converted extinction 
coefficients are similar to the measured and calculated values of Libowitzky and 
Rossman ( 1997) and Ba Ian et al. (2008) for different hydrous substances, as the 
extinction coefficient (e) shows a broad inverse correlation with wavenumber. The 
values obtained here, however, fa ll slightly below this trend but are consistent with the 
coefficients obtained by Bell et al. (2003) for ol with [Ti] peaks (Figure 7). The [Ti] 
and (Si] peaks have a factor of three difference in extinction coefficients, even if their 
wavenumbers are virtually the same (3548.5 and 3515 cm-1 respectively). The [Ti] and 
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[trivalent] peaks, on the other hand, have very similar extinction coefficients at 
significantly different wavenumbers. This highlights the risk of using wavenumber 
dependant calibrations for ol and NA Ms in general. This is due to the different 
substitutions having their own crystallographic environments, and therefore, quantum 
mechanical properties that determine their extinction coefficients. This is demonstrated 
by the theoretical integrated molar absorption coefficients of Balan et al. (2008) which 
display wide scattering when plotted against their respective wavenumbers (Figure 6). 
This implies that not only the length of the 0-H bond but also the crystallographic 
environment play important roles in affecting the calibration factor in NAMs for water. 
This means that instead of using wavenumber dependant calibrations for different 
substitution mechanisms, we need to determine the calibration factors individually. 
This is the first experimental evidence (to my knowledge) that different substitution 
mechanisms require individual calibration factors which cannot be obtained from 
wavenumber dependant calibrations. This also has important implications for previous 
studies on ol with different substitution mechanisms. Peslier and Luhr (2006), for 
example, studied ol with [Ti), [trivalent) and (Mg] peaks using the 'Bell' calibration, 
and attempted to correct for (Ti] peaks lacking dominancy in some of their ol samples, 
by using a lower calibration factor (2.4 times) for [trivalent] and [Mg] dominated ol. 
This is not an accurate assumption. As I demonstrated earlier, calibration factors appear 
to be almost identical for [Ti] and [trivalent] peaks, meaning that the correction is 
unnecessary. For [Mg) peak dominated ol, on the other hand, their correction may 
overestimate the water concentration as the calibration factor for th is substitution 
mechanism is considerably lower (at least 6 times) than that of [Ti) peaks. Re-
evaluation of the resu lts would be particularly important for ol that have predominantly 
[Si] and (Mg] peaks, as the discrepancy with regards to the 'Bell' calibration is most 
profound for these substitutions. These peaks usually occur in ol from chemically 
simple systems (i.e., Grant et al., 2006; Lemaire et al., 2004) and as such their 
quantification with either the ' Bell ' calibration or wavenumber specific calibrations 
(Libowitzky and Rossman, 1997; Paterson, 1982) is not appropriate (see more 
discussion on this in Chapter 3). 
Trends outlined in Figure 6 for different ol, are consistent with our substitution 
mechanism specific calibration factors, as the mineral speci fic calibration factors 
represented by the slopes of their respective linear fits, forced through the origin, are 
7 The average wavenumber of the substitution mechanism is the average of the lower and upper 
wavenumber limit of the spectral region where the peaks usually appear. This is, therefore, 3548.5, 35 15, 
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0.698, 0.219, 0.20 I and 0.125 for the [Si], [Ti], [trivalent] and [Mg] dominated ol 
respectively (Figure 6 and Table 4). The discrepancy between mineral and substitution 
mechanism specific calibration factors is expected, as in the mineral specific cali bration, 
the contribution of different substitutions is not individually resolved. 
The calibration factor of 0.435±0.033 for the opx peak at 3360 cm-1 is 
considerably higher than that obtained by Bell et al. ( 1995) for natural enstatite 
standards (0.0674), but note that this later ol has different absorption characteristics, 
having its major peak above 3500 cm-1• The ' Finero' ol also has a different calibration 
factor (0.33) but its absorbance characteristics are again, different from the ' Bell ' opx 
and e- and m-buffered opx. This can be taken as a preliminary indication that 
calibration factors in opx may also be substitution mechanism specific. 
2.3.5. Conclusion 
Substitution mechanism specific calibration factors have been developed for the 
four major substitution mechanisms in ol. The factors are 0.572±0.041, 0.182±0.067, 
0.178±0.049 and 0.03±0.03 for [S i], [Ti], [trivalent] and [Mg] peaks respectively. It is 
also demonstrated that the application of either wavenumber or mineral specific 
calibrations to absorption peaks other than those on which the calibration was obtained, 
is not an appropriate practice. Instead, different substitution mechanisms in NAMs 
require individual evaluation as the crystallographic environment may have as much 
affect on the calibration factor as the length of the H-0 dipole. The substitution 
mechanism specific calibration provides a general tool to quantify water concentration 
in any ol, providing the substitution mechanisms are identified and considered 
separately for the integrated area. 
3350 and 3150 cm·1 for [Si] [Ti], [trivalent] and [Mg] peaks respectively. 
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CHAPTER3 
EXPERIMENTS IN SIMPLE SYSTEMS 
PREFACE 
This chapter of my thesis was inspired by the earlier experiments of 
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experiments with the additional technical support of Ashley Norris and Frank 
Brink for the SEM and EMPA analysis also greatly appreciated. The SIMS 
analyses were conducted in cooperation with Erik Hauri at the Carnegie 
Institution in Washington, D.C. The interpretation of the experimental dataset 
benefited greatly from fruitful discussions with Jorg Hermann and Hugh St. C. 
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3. Experimental study on the incorporation of water in NAMs as a function of 
buffering mechanism, cltemist1J1, pressure, temperature, and water activity in 
chemically simple systems. 
Abstract 
An experimental strategy is implemented so as to conduct experiments with 
different Si02/MgO ratios [periclase {p)-, enstalite (e)- and hydrous me// (m)-buffered 
experiments] in the MgO+Si02+H20 system at different pressures and temperatures, in 
order to monitor the effect of these factors on the incorporation of water in olivine (of) 
and orthopyroxene (opx). Some experiments were doped with A/20 3, Ti02 and KC! in 
order lo fingerprint the different substitution mechanisms and study /he effect of water 
activity. Among these factors, the buffering mechanism appears to play a role in the 
quantitative aspect of water incorporation as pressure and temperature. Generally, 
pressure enhances the solubility of waler in both of and opx, whereas temperature . 
boosts lhe inc01poralion of water in opx, however, there is a weak inverse temperature 
effecl for ol. The substitution mechanisms of waler in of and opx do nol change with 
pressure and temperature if the buffering mechanism and chemist1y remain the same. 
The addition of different doping elements gives rise to new absorption peaks in both of 
and opx. Our quantitative results are in good agreement with previous studies if the 
differences in analytical protocols are corrected/or. 
3.1. Introduction 
After some developments in the quantitative aspects of both Fourier-transform 
infrared spectroscopy (FTIR) and secondary ion mass spectrometry (SIMS), I attempt to 
use these tools to reveal the complexity of water incorporation in nominally anhydrous 
minerals (NAMs) through experimentation. In this chapter, both analytical methods are 
used as they complement each other nicely, due to the fact that FTIR and SIMS are 
strongly limited by the grain size and water contamination (i.e., inclusions, grain 
boundary films), respectively. Furthermore, SIMS can only provide quantitative 
information and as such the origin of water cannot be directly determined. In contrast, 
FTIR has the potential to provide both qualitative and quantitative information. 
Therefore, the simultaneous application of both analytical methods may guarantee that 
none of the aforementioned obstacles prevent me from studying both the quantitative 
and qualitative aspect of water incorporation in NAMs. Note that experiments often 
suffer from the return of small grain size (<50 µm) and the presence of inclusions and 
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grain boundary films. 
Before setting out my experimental strategy, a Review on water incorporation in 
NAMs is presented with special attention paid to quantitative experimental studies. 
Effo11s have been made to include all influential work, though some elements may have 
mistakenly remained overlooked. It is not my aim to give a detailed summary of each 
study; therefore I focus on some important aspects such as: experimental methods, 
physical conditions, water concentrations, infrared signatures and substitution 
mechanisms. In the following the previous results are re-interpreted using my 
terminology for the different substitution mechanisms (i.e., [Si], [Ti], [trivalent] and 
[Mg]). It will be demonstrated that the 'o ld ' terminology, widely adopted in the 
literature, should be abandoned as 'group I' peaks (3650-3450 cm-1) include [Si] and 
[Ti] peaks, whereas ' group ll ' peaks (3450-3100 cm-1) refer to both [trivalent] and [Mg] 
peaks and as such the 'old' terminology is not capable of handling the complexity of the 
different substitutions. At the end of this Review section a brief Summa1y is given 
outlining the main trend emerging from these previous studies. Review articles are not 
considered here, on ly papers publishing original results on water incorporation in 
NAMs, either in experimental or natural systems. The investigation of natural systems 
can provide us with valuable clues as to how to design experiments that more closely 
resemble the natural environment (see Chapter 4). The Review also outlines my 
experimental strategy, one that has the potential to account for the most important 
factors controlling water incorporation in NA Ms (i.e., buffering mechanism, chemistry' , 
temperature, pressure and water activ ity). 
3.2. Review 
Mantle peridotites 
Bell and Rossman ( 1992) and Bell ( 1992) published a large volume of water 
concentration data fo r mantle minerals, which was the first study of its kind. While the 
authors found a large spread in water concentration there was, nevertheless, a general 
trend with olivine (ol) seemingly the least water rich mineral (3-140 ppm) followed by 
1 These two factors are strongly related when fingerprinting the different substitution mechanisms in 
NAMs. This is because the (bulk) chemistry determines the phase assemblage, and therefore, the 
buffering mechanism (periclase (p)-, enstatite (e)- or hydrous melt (m)-bufTered experiments, see 
Chapter 2.3 for more detail) that can affect the formation of different substitution mechanisms. In 
addition, if the buffering mechanism remains the same but the chemistry of the system is modified by the 
addition of doping elements, it can give raise to new substitution mechanisms. It follows that it is more 
appropriate to discuss these two factors individually. 
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orthopyroxene (opx, 50-460 ppm) and clinopyroxene (cpx, 150- 1080 ppm), 
respectively. Detai led infrared spectra for these NAMs were not presented, only some 
representati ve spectra with broad. overlapping peaks. Bell et al. (2004) studied 
megacrysts (ol, opx and cpx) from the Monastery kimberlite in South Africa. The peaks 
in these NA Ms are similar to those reported in Bell et al. ( 1995, 2003) (see below), and 
the concentrations are somewhat higher as ol, opx and cpx have 54-262, 2 15-263 and 
195-620 ppm water, respectively. 
Peslier et al. (2002) studied cpx and opx in mantle xenoliths from supra-
subduction environments. The cpx and opx have 140-528 and 39-265 ppm water 
respectively, applying polarized light and mineral specific calibrations of Bell et al. 
(1995). The cpx displays five major peaks (3625, 3540, 3520, 3460 and 3355 cm-1) , 
whereas opx has more major absorption bands at 3600, 3570, 3520, 3430, 341 0, 3300, 
3206 and 3060 cm·1• The authors suggested that the xenoliths originate from a high 
oxygen fugacity envi ronment and that the water concentration in pyroxenes decreases . 
with oxygen fugacily. In a follow up study, Peslier and Luhr (2006) investigated the 
water incorporation in ol from the same xenolithic suite. They found predominantly 
[Ti] peaks (357 1 and 3525 cm-1) with some subord inate [S i) peaks (3600, 3480, 3445 
cm-1). The [trivalent] peaks dominate the low wavenumber region (- 3350 and -3320 
cm"1) with some (Mg] peaks around 3200 cm-1• The concentration level is very low in 
the studied ol and varies from 0 to 7 ppm using polarized infrared light and the mineral 
specific calibration of Bell et al. (2003). The low water concentration can, in some 
cases, be attributed to hydrogen loss during sampling by the host basalt, and it is 
suggested that some of the ol may have lost 40% of its original water content. 
Grant et al. (2007a) investigated NAMs from spine( and garnet peridotite 
xenoliths. The authors found that the majority of ol have [Ti] and [trivalent] peaks but 
some subordinate [S i] peaks also appear. The NAMs in this study have the following 
water concentrations; 3-53, 169-20 1 and 342-413 ppm of ol, opx and cpx. respectively, 
using polarized infrared light and the mineral specific calibration factors of Bell et al. 
( 1995, 2003). It is demonstrated that the water is more compatible in o l from the garnet 
lherzolites, which may be explained by stabilization of [Ti] peaks in the ol at higher 
pressures that can enhance water incorporation (see also Berry et al., 2007a below). 
Partitioning experiments 
Koga et a l. (2003) conducted anneal ing experiments with ol and opx in 
equil ibrium with basaltic melt at 2 GPa and 1380 °C. They found 240 and 20 ppm of 
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water m opx and ol respectively, using SIMS. The ol has dominantly [Ti] and 
[trivalent] peaks, whereas opx displays major peaks around 3600, 3500, 3450 and 3060 
cm·'. 
Au baud et al. (2004) carried out experiments using a mix of 70% basalt and 30% 
peridotite as a model composition, which ensures saturation in all NAMs. Sensor 
crystals with a size of I 00 µm , that are thought to facilitate the attainment of 
equilibration, were placed in the capsules to boost the nucleation of minerals. 
Experiments were conducted at upper mantle P-T cond itions {1-2 GPa and 1230-1380 
0C) and samples were analyzed by SIMS. The pa11ition coefficients were found to be 
insensitive to P-T over the studied range. The partition coefficients for ol, opx and cpx 
D"ll mdt D opxl mdt D cpx l melt 
are the following 11 =0.0017, H =0.0 19, and " =0.023 respectively. 
The ol , opx and cpx have on average 13, 93 and I 67 ppm of H20 respectively. 
Hauri et al. (2006) revisited some previous melting experiments {Adam and 
Green, 1994; Gaetani and Grove, 1998; Green et al., 2000), using SIMS in order to 
study the water concentrations in NAMs and their relation to other elements. The 
original experiments were conducted in a large P-T range of 1-4 GPa and I 000-1380 °C. 
The ol, opx and cpx have water concentrations of 36-94, 233-1840 and 332-2000 ppm, 
respectively, as determined by SIMS. It is suggested that there are two main 
substitution mechanisms in ol. These are the coupled substitutions of either a pair of H-1 
and Al3+ substitutes for Si4+, or 2H+ substitutes for Mg2+. Based on water solubility data 
in NA Ms, the authors concluded that the storage capacity of the mantle increases with 
increasing pressure down to 4 I 0 km to a maximum of 0.6 wt% and then decreases at 
higher pressures. 
Grant et al. (2006) carried out e-buffered synthesis experiments with forsterite 
(ol) at 1-2 GPa and 1100-1420 °C. In some cases overheating was utilized to fac ilitate 
the nucleation of larger crystals for FTIR analysis. The starting composition was Mg0-
Si02-H20 but some experiments were a lso doped with Ah03. The authors found that 
water solubil ity increases with temperature in enstatite, at both I and 2 GPa, but remains 
unchanged in forsterite (77-118 ppm using the mineral specific calibration of Bell et al. 
(2003) and polarized infrared light). Enstatite shows two major peaks at 3360 and 3060 
cm·1 and some smaller peaks around 3547, 3515, 3474, and 3380 cm·• . With added 
Ab03, water concentration in opx increases, a long with a change in proportion of the 
different peaks (66-156 ppm using the mineral specific calibration of Bell et al. (1995) 
and polarized in frared light). The fo rsterite has small [Si] peaks and considerable 
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contribution from [Mg] peaks. The "i0 varies from 1.34 to 3.31 in this experimental 
suite. 
Natural olivines 
Beran and Putnis (1983) studied natural ol crystals to investigate the 
incorporation mechanism of water. They found pleochroic absorption bands at 3590, 
3570, 3520 and 3230 cm·1 and a non pleochroic band at 3400 cm·1• These peaks are 
interpreted as being related to water substitution in the tetrahedral site. identical to [Ti] 
and [Si] peaks. 
Miller et al. ( 1987) investigated a large number of natural ol using FTI R, with all 
major substitution mechanisms being identified. The concentration of water is highest 
in ol from kimberlites (- 50 ppm) and lowest in ol from basalts (<I ppm using polarized 
infrared I ight and the wavenumber speci fie calibration of Paterson (1982)). 
Kurosawa et al. (1997) studied ol of mantle origin with both SIMS and FTIR. · 
The authors found that water concentration in ol is in the range of 10-62 ppm applying 
SIMS. 01 shows [Si], [trivalent] and [Ti] peaks in spinel peridotites, but [trivalent] 
peaks are missing in garnet peridotites. Based on geothermo-barometry it is argued that 
the water concentration in ol increases with pressure but decreases with temperature. 
Kent and Rossman (2002) studied natural ol from various mantle environments 
and found that the concentration of water varies from 0 to 63 ppm using polarized 
infrared light and the mineral specific calibration of Bell ct al. (2003). 
Bell et al. (2003) reported three ol with [Ti] peaks. Two of these have high 
water concentrations ( 140 and 220 ppm) and are from kim berl it es, whereas the third, 
water-poor ol ( 16 ppm), is from a basalt with a low pressure origin. The water was 
analyzed by nuclear resonance analysis (NRA) and then calibrated against the total 
integrated absorbance to give a calibration factor of 0.188±0.0122 for ol with 
dominantly [Ti] peaks. This has probably become the most widely used calibration 
factor in the field. 
Matsyuk and Langer (2004) investigated water incorporation in mantle ol from 
Siberian kimberlite pipes. The authors found a large variation in both the concentration 
(0-350 ppm using polarized light and the mineral specific calibration of Bell et al. 
(2003)) and substitution mechanism of water. There are [Si] , [Ti] and [trivalent] peaks 
2 This mineral specific calibration factor can be used for calculating the concentration of water in ppm 
according to the following formula: Cu
1
o == k · A,011 ,.,,, 
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present but [Mg] peaks are absent. It is suggested by the authors that a straight forward 
relationship between water incorporation and the petrographic environment cannot be 
determined. 
Matveev and Stachel (2007) made the point that kimberlite-related ol contains 
more than 60 ppm or water (applying unpolarized infrared light and a modified 
wavenumber dependant calibration of Libowitzky and Rossman ( 1997)) through their 
study of various mantle ol which show dominantly [Ti], and subordinately [Si] peaks. 
Experimental olivines 
Bai and Kohlstedt ( 1992, 1993) conducted two stage annealing experiments with 
ol at different oxygen fugacities, using different mineral buffers [unbuffered, opx (e) 
and ferro-periclase (p)]. The pressure at which the water accommodating defects were 
generated was low (300 MPa) at a relatively high temperature of 1300 °C. Water 
absorption bands belong to all the major substitution mechanisms but the (Ti] and 
[trivalent] peaks seem to be dominant. These studies were the first to introduce the 
terms 'group I' and 'group 11 ' peaks. ' Group I' and 'group 11 ' in my interpretation refer 
to [Ti] - [Si], and (trivalent] - [Mg] respectively. The water concentration in ol 
increases with oxygen fugac ity and orthopyroxene 'activity', and falls within the 0-20 
ppm range using unpolarized infrared light and the wavenumber dependant calibration 
of Paterson ( 1982). 
Kohlstedt et al. ( 1996) carried out annealing experiments on San Carlos ol at 
1000- 11 00 °C, 2.5- 19.5 GPa and constant oxygen fugacity (Ni-NiO buffer). Here I 
focus only on the low pressure experiments (below 13 GPa), where a-olivine is stable. 
The results indicate that the concentration of water increases with pressure ( 135 ppm at 
2.5 GPa to 1050 ppm at 13 GPa) and only [Si] peaks are present (3613, 3598, 3579 and 
3567 cm-1). For the quantification, polarized infrared light and the wavenumber 
dependant calibration of Paterson (1982) were applied. 
Matveev et a l. (200 I) demonstrated experimentally (using natural minera l 
separates) that the [Si] and [trivlent] substitution mechanisms are related to the silica 
activity at which ol is recrystallized or re-equilibrated. Thus, when ol coexists with 
magnesiowiistite (i.e. at low aSi0 2), the absorption peaks occur between 3630 and 3430 
cm·' (i.e., [Si] peaks). On the other hand, when ol coexists with opx (i.e. at high aSi02), 
the absorption peaks appear at lower wavenumbers (3380 and 3285 cm·1, i.e., [trivalent] 
peaks). Furthermore, the concentration of water a lso changes, as ol in magnesiowtistite-
buffered experiments has 282-738 ppm but only 23-57 ppm in e-buffered experiments 
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using unpolarized light and the wavenumber dependant cal ibration of Paterson (1982). 
Matveev et al. (2005) demonstrated that the substitution mechanism of water in ol 
phenocrysts from arc basalts can be used as an indicator of silica saturation. [Si] peaks 
are characteristic for silica undersaturated magmas (i.e., nepheline normative), whereas 
[trivalent] peaks occur when the magma is saturated in opx. 
Lemaire et al. (2004) conducted synthesis experiments in the Mg0+Si02+H20 
system at 2 GPa, which precipitated ol crystals upon cooling. The authors demonstrated 
that the spectrum of ol with the lowest silica activity (aSi02) has mainly [Si] peaks. In 
contrast, the spectrum of ol synthesized with the highest aS i02, displays additional 
pleochroic bands at 3220 and 3160 cm·1 (i.e., [Mg] peaks). The variations are 
interpreted as being due to protonated silicon (tetrahedral) vacancies that are dominant 
at low aSi02 and protonated Mg (octahedral) vacancies dominant at high aSi02. The 
water concentration in ol also changes with the buffering mechanism, as it is higher in 
magnesiowiistite-buffered experiments (700-60 ppm) than in e-buffered systems (110- . 
42 ppm) using polarized light and the wavenumber dependant calibration of Libowitzky 
and Rossman ( 1997). 
Zhao et al. (2004) carried out e-buffered annealing experiments using San Carlos 
ol at constant pressure (300 MPa) and oxygen fugacity (Ni:NiO), with temperatu re 
varying from I 000 to 1300 °C. The authors found that the water solubility increases 
with both iron concentration and temperature. The ol has [Si], (Ti] and [trivalent) 
peaks. Only [Si] peaks are present in pure forsterite , with [Ti] peaks being dominant in 
other FeO-bearing ol. The intensity of [Ti] (and subord inate [Si]) peaks increases with 
iron content and temperature. In contrast, the intensity of [trivalent] peaks decreases 
with iron content. The water concentration in ol varies from 5 to I 00 ppm using 
unpolarized light and the wavenumber dependant calibration of Paterson ( 1982). 
Berry et al. (2005) reported synthetic ol which were crystallized experimentally 
under upper mantle conditions and reproduced the most common and intense infrared 
hydroxyl stretching bands observed in mantle peridotites (i.e., [Ti] peaks at - 3572 and 
3525 cm"1). These bands originate from water accommodated at point defects 
associated with Ti, the authors suggested that this may be the most important defect site 
in the shallow upper mantle (see also Hermann et al., 2005). Accordingly, Walker et a l. 
(2007) demonstrated that the most stable configuration for titanium in anhydrous 
forsterite is a direct substitution for Si , which is also supported by XANES and EXAFS 
data (Berry et al., 2007a). In hydrous forsterite, however, the formation of point defects 
is favored; with six-coordinated titanium on a magnesium site adjacent to a vacant 
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silicon site containing two H+. More recently Berry et al. (2007b) studied 
(experimenta lly) the substitution o f trivalent cations in ol (forsterite) at 1400 °C and 1.5 
GPa. The authors found that water absorption peaks in the 3400-3300 cm·' region are 
due to the incorporation of trivalent ions in the Mg (octahedral)-site charge-balanced by 
H+ in the adjacent Mg-vacancies. The position of the main peak in this region is shifted 
towards higher wavenumber as the ionic radius of trivalent cations increases. The 
intensity of the [triva lent] peaks a lso increases with the concentration of the particular 
trivalent cation, but the water concentration typically remains below 500 ppm (using 
unpolarized light and the calibration of Bell et a l. (2003)). Berry et al. (2005) had 
already stressed that water associated with Fe3+ is unlikely to reflect equ ilibrium with 
the mantle, and may indicate that the incorporation of water happened during 
exhumation or retrogression. 
Smyth et a l. (2006) carried out synthesis experiments using ol at 12 GPa and 
temperatures between 11 00 and 1600 °C. Water concentration in forsterite increases up 
to 1250 °C (-8000 ppm using polarized light and the mineral speci fic calibration of Bell 
et a l. (2003)) and then decreases with temperature and the increasing degree of melting. 
At these very high pressures, the concentration of water and the position o f the 
absorption bands don ' t show any variation with si lica activity as [Si] peaks are always 
present. The authors concluded that 2H+ substitutes directly for Mg2+ based on s ingle 
crystal diffractometry. 
Demouchy and Mackwell (2006) carried out e-buffered annealing experiments 
with San Carlos ol at 900- 1000 °C and 0.2-1.5 GPa. The authors observed [Ti] and 
(trivalent] peaks and found variable water concentration (I 0 to 20 ppm in ol) using 
polarized infrared light and the mineral specific calibration of Bell et al. (2003). 
Mosenfelder et al. (2006) conducted annealing and synthesis experiments at I 000-1300 
°C and 2-1 2 GPa with the application of crushed and grinded natural ol and high purity 
MgO and Si02 mixes. The authors found [Si] peaks to be dominant. The ol had a range 
of water concentration from I 000 to 4000 ppm (using polarized infrared light and the 
mineral specific cal ibration of Bell et al. (2003)), which is relatively high, showing no 
systematic variation with pressure and temperature. 
Aubaud et al. (2007) recently published a SIMS-FTIR cross-calibration on 
glasses and NAMs. The authors analyzed both natural and experimental NAMs. 
Annealing experiments with San Carlos ol were carried out over a wide P-T range 
( 1000- 1300 °C and 1.3-3 GPa) with different buffers [opx (e), ferro-periclase (p)). In 
the low temperature experiments (I 000-1 I 00 °C) with brucite ore-buffers, there are (Si] 
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and [trivalent] peaks. The water concentration in these ol is in the range of 48-84 ppm 
using SMIS. Similarly, ol in the e-buffered experiments at higher temperatures has 
similar water concentrations (68-79 ppm) but shows only [trivalent] peaks. In contrast, 
ferropericlase (p)-buffered experiments have much more water (271-910 ppm) and only 
[Si] peaks in ol. Natural opx shows peaks at 3600, 3570, 3520, 3410, 3300 and 3060 
cm· 1 with water concentrations in the range of 0-263 ppm. Natural cpx has four major 
peaks (3645, 3530, 3440 and 3350 cm.1) and slightly higher water concentrations (0-490 
ppm). 
Grant et al. (2007b) investigated the effect of oxygen fugacity on water 
incorporation in o l, using annealing experiments with San Carlos ol at 2 GPa and 1100-
1300 °C. The authors found that water concentration increases with oxygen fugacity 
and in addition to [Si] and [Ti] peaks, new, [trivalent] peaks appear. There is -20 and 
120 ppm of water in ol at low and high oxygen fugacities, respectively, applying 
polarized infrared light and the mineral specific calibration of Bell et al. (2003). Grant . 
et al. (2007c) conducted synthesis experiments in the albite-forsterite-H20 system at 1-
2.5 GPa and 1320-1480 °C. In this Al-rich system, ol have [Si], [Mg] and strong 
[trivalent] peaks, which are interpreted as being due to the presence of Al3+. The 
partitioning of water between ol and opx does not show any dependence on P-T or 
oxygen fugacity. The concentration of water in ol and opx is 33-56 and 68-340 ppm, 
respectively, using polarized infrared light and the mineral specific calibrations of Bell 
et al. ( 1995, 2003). 
Bali et al. (2008) carried out e-buffered synthesis experiments (at 2.5-9 Gpa and 
I 000-1400 °C) on water solub ility in ol. The authors found predominantly [Si] peaks in 
ol, with some minor [Mg] peaks at 2.5 GPa, whereas the [Mg] peaks gradually 
disappeared with increasing pressure in experiments conducted at higher pressures. The 
water concentration was found to decrease w ith temperature at 6 GPa ( 489-1189 ppm) 
and 9 GPa (386-1984 ppm) as opposed to 2.5 GPa, where it increases with temperature 
(5 1-117 ppm, using polarized light and the mineral specific calibration of Bell et al. 
(2003)). The authors explained the inverse trend at higher pressures as being due to the 
decreasing activity of water in the coexisting fluid , as more solid material enters the 
fluid with temperature. 
Natural pyroxenes 
Skogby et al. ( 1990) studied a range of opx and cpx crystals from various 
geological environments. The pyroxenes from the mantle show the highest water 
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I it er 
concentrations up to 1200 ppm using polarized in frared I ight and an i:: = 150 mo/· cm 
The cpx has four major peaks around 3630, 3520, 3460 and 3350 cnf 1, whereas opx 
shows sharper peaks at 3560, 35 10 and 34 10cm·1• Smyth et al. (1991) investigated 
sodic cpx from mantle eclogites. The sodic cpx have two major absorption peaks at 
3620 and 3470 cm·' and contain 250-1850 ppm water, analysing with polarized infrared 
light and the calibration adopted in Skogby et al. ( 1990). It is proposed that H+ 
substitutes in the M2 octahedral site in the cpx' s structure. Bell et al. ( 1995) stud ied 
mantle derived cpx (augite) and opx (enstatite) to obtain integral absorption coefficients. 
The augite has 268 ppm water and three major absorption peaks at 3625, 3540 and 3460 
cm·
1
• The enstatite shows a similar amount of water (2 I 7 ppm) but more peaks at 3600, 
3570, 3520, 3430, 3410, 3360 and 3060 cm· 1. The water concentration in these 
pyroxenes was determined by manometry and calibrated against total polarized 
absorbance. The calibration factors are 0.141 and 0.0674 for cpx and opx, respectively, 
with figures similar to Bell et al. (2003) for ol, these are probably the most widely 
appl ied mineral specific calibrations in the literature. Koch-Muller et al. (2004) 
investigated natural omphacitic cpx from mantle and lower crustal environments. The 
authors found that there are three major groups of bands at 3465-3445, 3540-3500, and 
3624-3600 cm-1• It is suggested by the authors that the latter band is due to the presence 
of sheet silicates and not intrinsically to water in the cpx structure. The 3465-3445 band 
is interpreted as being due to cation vacancies at the M2 octahedral site, whereas 3540-
3500 bands are related to AlH substitution for S i4~ in the tetrahedral site, charged 
balanced by a single H+. The water concentration is in the range of 3 1-5 I 4 ppm, using 
polarized infrared light and wavenumber dependant calibration of Libowitzky and 
Rossman (1997). 
E.xperimenta/ pyroxenes 
Skogby ( 1994) studied the incorporation of water in diopside by flux-growth 
experiments at ambient pressures. The author found a large amount of water (up to 
1100 ppm), estimated with polarized infrared light and the calibration factor of Bell et 
al. ( 1995). It was suggested that water shows a coupled substitution with Fe3+. 
Stalder and Skogby (2002) carried out synthesis experiments at P-T conditions 
of 2.5-3 GPa and 11 50-1200 °C, to study the incorporation of water in enstatite. The 
experiments were initially overheated to produce grains large enough for FTIR analysis. 
In the Al-free system the two major absorption peaks are at 3362 and 3070 cm·' , 
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whereas in the Al-bearing system the 3362 peak splits up and an additional peak appears 
above 3400 cm-•. The enstatite shows increasing water concentration with Al-content, 
in the range of 159-213 ppm applying polarized infrared light and the wavenumber 
dependant calibration ofLibowitzky and Rossman (1997). 
Rauch and Keppler (2002) demonstrated experimentally that the water solubility 
in enstatite at 1100 °C, increases from 50 ppm at 2 GPa to 800 ppm at 8 GPa and then 
decreases to 700 ppm at 10 GPa. The infrared spectra of the hydrous enstatite crystals 
show a sharp, intense band at 3363 cm- • and a broad, weaker peak at 3064 cm-•. Both 
peaks are strongly polarized parallel to c-axis. It is proposed by the authors that the 
most likely substitution mechanism is a pair of protons (21-i+) substituting for Mg 
(octahedral)-vacancies. In order to investigate the effect of chemical impurities on 
water solubility in enstatite, an additional series of experiments was carried out using 
gels doped with Al, B, or Li. The presence of Li and B has no obvious effect on the 
solubility of water, however, the addition of about I wt% A'20J increases the water . 
solubility in enstatite from 199 to 955 ppm relative to pure enstatite at 1100 °C and 15 
kbar. For the quantification, polarized infrared light and the wavenumber dependant 
calibration of Libowitzky and Rossman (1997) were used. In the infrared spectra of 
these aluminous opx, additional bands occur in the range of 3650-3450 cm-•. 
Bromiley et al. (2004) conducted annealing experiments to study the 
incorporation of water in Cr-diopside. The experiments were carried out at 0.5-4 GPa 
and 1000-1 100 °C. Two main peaks are identified (3646 and 3434 cm-1) , the ratio of 
which appeared to be a good ind icator of oxidation state. The concentration of water 
varies between 95 and 446 ppm using polarized light and mineral specific calibration of 
Bell et al. ( 1995), and shows a broad positive correlation with pressure. Bromiley and 
Keppler (2004) carried out similar anneal ing experiments with jadeite and Na-rich cpx 
at I 000 °C and pressures varying from 2 GPa to 10 GPa. Two main peaks are found at 
3613 and 3373 cm-•. The water concentration reaches its maximum around 450 ppm at 
2 GPa and then continuously decreases to I 00 ppm at 10 GPa, using unpolarized light 
and the wavenumber dependant calibration of Paterson ( 1982). In both studies the 
hydrogen substitutes mostly for vacancies in the M2 (octahedral) site. 
Mierdel and Keppler (2004) carried out polarized FTIR measurements on 
millimeter-sized, clear enstatite (opx) crystals from experiments in the MgO+Si02+H20 
system at 15 bar and temperatures between 700 and 1100 °C. The authors demonstrated 
that water solubility increases with temperature, from 101 ppm at 700 °C to 269 ppm at 
1100 °C, using the mineral specific calibration of Bell et al. ( 1995). The position and 
133 
I. l(ov:ics Chapter 3 Experiments in chemically s imple systems 
shape of the infrared bands, however, does not change with temperature. 
Stalder (2004) and Stalder et al. (2005) studied the effect of Fe3+, Al3+ and Cr3+ 
on the incorporation of water in enstatite. The synthesis experiments were conducted at 
2.5 GPa with the temperature decreasing from an initial 1400 °C to 1100 °C to ensure 
the production of sufficient grain size. It is found that the 3361 cm·' peak splits up 
systematically into different peaks with the incorporation of trivalent cations. 
Furthermore, additional characteristic peaks appear above 3400 cm·' for each trivalent 
element. The water concentration in opx (enstatite) increases with the concentration of 
trivalent cations and varies from 288 to 1443 ppm. In contrast pure enstatite has only 
268 ppm of water, using polarized infrared light and the wavenumber dependant 
calibration of Libowitzky and Rossman ( 1997). It is put forward that the incorporation 
of trivalent cations (Fe3+, Cr3+, and Al3+) leads to the formation of octahedral 
(magnesium) vacancies charge balanced by H+. In a recent study Stalder et al. (2008) 
conducted experiments in the MgO+Si02+H20 +NaCI system at 25 kbar and 1150 °C 
with various proportions of added salt to monitor the effect of water activity. The 
authors found that the concentration of water decreases with increasing salt 
concentration, as the activity of water is suppressed by salt in the coexisting fluid/melt. 
The amount of water varies from 170 ppm in salt free enstatite to 50 ppm with the 
highest salt concentration, using polarized infrared light and the calibration of 
Libowitzky and Rossman ( 1997). 
Mierdel et al. (2007) conducted synthesis experiments in the Mg0-Si02-Al20 3-
H20 system at 1.5-3.5 GPa and 800-1100 °C. It was found that the aluminous enstatite 
incorporates less water with increasing pressure and temperature, and had 
concentrations of I 080 to 8420 ppm, applying polarized infrared light and the mineral 
specific calibration of Bel I et al. ( 1995). The enstatite has peaks at 3600, 3510 and 3380 
cm·' and the position of these peaks does not change considerably with P-T. 
S11mmt11y 
As is demonstrated above, there is a vast body of knowledge on the 
incorporation mechanism of water in NAMs and the associated effects of different 
parameters such as temperature, pressure, buffering mechanism, chemistry, activity of 
water and oxygen fugacity. Some major trends outlined by these studies are discussed 
below. 
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The concentration of water in ol, for example, increases with pressure in the 
shallow upper mantle (Bal i et al., 2008; Grant et al., 2007a; Kohlstedt et al., 1996; 
Kurosawa et al., 1997; Mosenfelder et al., 2006). For omphacitic and Cr-diopsidic cpx, 
the same trend is recognized (Bromiley et a l., 2004; Katayama et a l., 2006) but is 
opposite for Na-rich, jadeitic and some omphacitic cpx (Bromiley and Keppler, 2004; 
Koch-Muller et al. , 2004). The concentration of water in opx reflects a somewhat 
contradictory relationship with pressure, as Rauch and Keppler (2002) found the 
concentration of water to increase with pressure in pure enstatite, as opposed to M ierdel 
et al. (2007), who repo11ed an inverse relationship with pressure in aluminous opx. 
The water concentration in opx is thought to be directly proportional to 
temperature (Mierde l and Keppler, 2004; Rauch and Keppler, 2002), whi le results for ol 
remain open to debate. Articles suggesting both a direct correlation (Bal i et al., 2008; 
Zhao et al., 2004), an indirect correlation (Kurosawa et al., 1997) and indeed no 
correlation between water content and temperatu re (Grant et al., 2006) have all appeared . 
in print. 
The effect of the buffering mechanism was investigated experimentally by Bai 
and Kohl stedt ( 1993), Lemaire et al. (2004) and Matveev et al. (200 I, 2005). The 
authors found that the presence of different buffering phases leads to the formation of 
different substitution mechanisms in ol. In particular, they showed that only [Si] and 
[Ti] peaks are present if the ol is magnesiowustite- or periclase-buffered, but [trivalent] 
and/or [Mg] peaks appear if ol coexists with opx. The other interesting outcome is that 
the concentration of water in ol from e-buffered experiments is considerably lower (- 0-
200 ppm) than in ol from magnesiowustite (p)-buffered experiments (- 200-2000 ppm). 
The effect of chemistry was studied experimentally (and theoretically) by the 
gradual addition of doping elements (in different proportions) to chemically simple 
systems in order to fingerprint the different substitution mechanisms. Pioneering 
studies for o l were unde11aken by Berry et a l. (2005), Berry et al. (2007a) and Walker et 
al. (2007), which lead to the first identification of [Ti] peaks. In another study Berry et 
al. (2007b) demonstrated that the absorption peaks in the 3400-3300 cm·' region are 
related to the incorporation of trivalent cations in ol. The fundamental studies for 
fingerprinting the different substitution mechanisms in opx were conducted by Rauch 
and Keppler (2002), Stalder (2004) and Stalder et al. (2005). These studies 
demonstrated that the incorporation of trivalent cations (i .e., Al3+, Cr3+ and Fe3) leads 
to the appearance of additional absorption peaks, and the concentration of water 
increases with the amount of incorporated trivalent cations. 
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The activity of water is known to be a vital factor in affecting the incorporation 
of water in NAMs, however, its detailed experimental investigation has only recently 
intensified. The first studies regarding the activity of water by Bai and Kohlstedt ( 1992, 
1993) had already emphasized the importance of paying close attention to this factor. 
In a recent, combined experimental and theoretical study, Bali et al. (2008) 
demonstrated that. the storage capacity of the mantle may change considerably if the 
activity of water in the coexisting fluid/melt is considered as a function of P-T. Stalder 
et al. (2008) came to a similar conclusion by studying the effect of the activity of water 
on the incorporation of water in enstatite by adding different proportions of salt. 
Bai and Kohlstedt (1993) and Grant et al. (2007b) investigated the role of 
oxygen fugacity on the incorporation of water in ol, and both studies concluded that the 
concentration of water increases with oxygen fugacity and additional [trivalent] peaks 
appear in the spectra. In contrast, Peslier et al. (2002) found that water concentration 
decreases with increasing oxygen fugacity in xenolitic pyroxenes. 
Given this vast body of knowledge, it may be desirable to have a comprehensive 
(and internally consistent) quantitative dataset, in order to address the thermodynamic 
aspects of water solubility in NAMS as a function of the major physico-chemical 
parameters (P-T, buffering mechanism, chemistry, oxygen fugacity). This, however, is 
currently unavailable as the majority of previous studies are not directly comparable, 
due to fact that each experimental program applied either an annealing or synthesis 
approach, with varying starting compositions, phase assemblages and oxygen fugacity. 
These differences alone would make any direct comparison very complicated, but in 
addition the authors determined water concentrations in NAMs using different 
analytical techniques (i.e., SIMS, FTIR, manometry and NRA) and alternate calibration 
factors for both SIMS and FTIR (Aubaud et al., 2007; Bell et al., 2003; Hauri et al. , 
2002; Paterson, I 982). It would be, therefore, desirable to develop a standard protocol 
for FTIR and SIMS in the future, with which these previous results can be re-evaluated 
and made comparable. 
It is clear that the quality of data obtained from previous experiments was, to a 
large extent, controlled by the requirements and limitations of the available analytical 
techniques. These techniques (FTIR, SIMS) usually require the production of large 
crystals (>200 ~un). The problem being, the production of such large crystals cannot be 
routinely achieved in equilibrium experiments. To circumvent this obstacle two 
different approaches have been employed within the experimental community. The first 
method is the application of (a) large sensor crystal(s) in experimental capsules to 
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guarantee (a) satisfactory grain size (i.e., anneal ing experiments, Aubaud et al., 2007; 
Bali et al., 2008; Hauri et al., 2006; Rauch and Keppler, 2002). The prob lem here is 
that the sensor crystals usual ly have their own, inherited water-related defects and may 
not be equilibrated during the duration of experiments. Thus, the post-experiment 
defects may not represent equil ibrium conditions and give mislead ing clues as to the 
mechanism of water incorporation in NAMs. One may sti ll succeed in using this 
method, however, if the attainment of chemical equilibrium has been established under 
the new conditions and the sensor crystals are seen to change their original absorption 
characteristics during experiments (see C ha pter 4). 
The other approach to achieve sufficient grain size is to in itially run the 
experiments several hundred degrees above the target temperature, to al low formation 
of big crystals upon cooling to the target temperature. This practice is again somewhat 
questionable, as the water defects captured may be on ly characteristic of the higher 
temperature cooling stage. Thus, th is procedure may lead to ambiguous resu lts, as the . 
diffusion may not be quick enough to establish a new equilibrium at lower temperatures. 
Apart from the seemingly endless search for sufficient grain sizes, another 
problem encountered with few exceptions, is that the chemically complex systems 
studied do not allow the fingerpri nting of incorporation mechan isms fo r water. It is fo r 
this reason that the application of chemically simple systems with gradually added 
doping elements may have incentive. 
3.3. Methodology 
3.3.1. Starting compositions 
The experimental strategy adopted here may have the potential to produce 
eq uili brium water re lated defects in NAMs, and is able to handle the complexity of 
analyzing different substitution mechanisms. The main concept is to run synthesis 
experiments at a given temperature and pressure, without the addition of ' sensor' 
crystals. Even if the final grain size is smaller than in previous experiments, the 
combined application of SIMS and FTIR allow me to analyze experimental charges and 
produce reasonable qualitative and quantitative results. The chemical complexity is 
managed by adding the chemical components gradually to a simple system. 
Accordingly, first an Mg0-Si02-H20 system is used w ith varying Mg0/Si02 ratios 
(2: 1, 1: 1, 1:2) at different P and T (T a ble 1). The different Mg0/S i0 2 ratios result in 
137 
.., 
0:: 
Table 1 Composition (wt%) of the starting mixes in chemically simple systems 
buffer* p e m e 
doping 
- - - ea3 ea6 eat 
element** 
MgO 68.9 47.3 31.0 48.0 47.4 47.8 
Si02 31. l 52.7 69.0 50.3 49.5 50.1 
Al20 3 - - - 1.6 3.0 1.5 
Ti02 - - - - - 0.5 
* p = periclase-buffered experiments, e = opx-buffered experiments, m = hydrous melt-buffered 
** a and t after the buffer's code refer to Al20 3 and Ti02 as doping elements (see text for more 
detai l) 
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I. l<nvacs Chapter 3 Expc.-imcnts in chc111ic:1lly simple systems 
the formation of different buffering phases (i.e., periclase, enstatite and hydrous melt) 3, 
which provides an opportunity to study the effect of buffering mechanisms (Table 1). 
Some e-buffered systems are doped with different concentrations of aluminum 
( 1.5 and 3% A '20 3, ea3 and ea6 for short) and then aluminum and titanium 
simultaneously (1 .5 wt% A'203 and 0.5 wt% Ti02, eat for short), as these elements are 
known to play an important role in the substitution mechanism of water in NAMs 
(Table 1, Berry et al., 2005; Berry et al., 2007a; Berry et al., 2007b; Grant et a l., 2007c; 
Hauri et a l., 2006; Hermann et a l., 2005; Walker et al., 2007). 
Another control experiment was designed to study the activity of water (aH20). 
The starting composition is the same as for the p-buffered experiments; however, KCI is 
added to decrease the activity of water in the coexisting fluid. The effect of KCI on 
water activity is reported by Aranovich and Newton (1997) at high pressures. The 
authors found that aH20 is the second power of the mole fraction of H20 in the KCl-
H20 mix. My goal is to decrease the water activity to -0.5, which requires - 0.7 mole . 
fraction of 1-120. This means, considering the molecular weight of KCI and l-'20, which 
are needed to have an initial composition of 36 wt% H20 and 64 wt% KCI. 
Accordingly, r used 4.9 and 8.4 mg of H20 and KCI, respectively, to achieve the desired 
water activity in the coexisting fluid . 
3.3.2. Experimental procedure 
The experiments are conducted at different pressures (5, 15, 25 and 35 kbar) and 
temperatures (I 000- 1400 °C), with duration of the experiments always longer than 24 
hours (Table 2). The mixtures were made up from analytical grade oxides. The oxides 
were dried at 1100 °C and kept in a furnace before being ground in acetone to ensure a 
homogenous composition. Pellets were then made from the mix and kept at 300-500 °C 
in a furnace for one hour in order to drive off acetone contamination . For the 
experiments, approximately 50 mg of the mix and 5-6 mg of deionized water were 
loaded in a 3.5 mm sized Pt capsule, which was then sealed by arc weld ing. During arc 
weld ing water loss is prevented by wrapping the capsule in a cold, water-saturated 
tissue. The capsule is weighed both prior to and after welding to monitor water loss. 
Capsules with s ignificant water Joss(> I 0%) were excluded from any further procedure. 
The capsule is placed in a MgO tube, inside a teflon foil-NaCl-graph ite-pyrex assembly. 
Synthesis experiments are conducted in end-loaded, Yz inch sized piston-cylinder 
3 For symplicity, as in the previous chapter, we refer to the periclase-, enstatite- and hydrous melt-
buffered experiments asp-, e- and m-bufTered respectively. 
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Table 2 Experimental conditions and textural features of experimental charges 
thickness oflhin maximum grain si7..c (~un) 
experiment bu Iler* pressure (kbar) temperature (°C) label** 
sections for FTIR Ht"') phases•
0 
ol opx 
0-851 p 5 1100 p_5_1 IOO 82.5 50-1 00 - ol+per+lluid 
C-2823 p 15 1100 p_IS_l 100 135 50-1 00 - ol+per+lluid 
C-2261 p 25 1100 p_25_1100 11 0 50-120 - ol+pcr+lluid 
C-2240 p 25 1000 p_25_1000 133 100-150 - ol+pcr+lluid 
C-2238 p 25 1200 p_25_1200 115 200-300 - ol+pcr+lluid 
C22 13 p 25 1300 p_25_1300 145 80-120 - ol+per+lluid 
C-2270 p 25 1400 p_25_ 1400 110 80-120 . ol+pcr+lluid 
- -
C-2349 1000 p 25 
-
-
p_25_1000 11 5 50-100 
-
ol+pcr+lluid 
C-2821 p JS 1100 p 35 1100 82.5 50-150 - chl+cho+lluid 
D-791 c 5 1100 c_S_l 100 lost 50-100 70-120 ol+opx+lluid 
D-850 c 5 1200 Cc...5_1200 85 20-50 100-150 ol+opx+lluid 
0-792 e 15 1100 e_15_1 IOO 85 70-150 50-70 ol+opx+lluid 
C-2820 e 15 1200 e_15_1200 85 30-50 50-100 ol+opx+lluid 
C-2233 c 25 1100 c_25_1100 115 50-70 50-1 50 ol+opx+lluid 
C-2232 c 25 1200 c_25_1200 140 200-300 50-1 00 ol+opx+lluid 
C-2204 c 25 1300 e_25_1300 100 200-300 50-1 50 ol+opx+lluid 
C-2805 e 35 11 00 e_35_1100 105 50-100 50-70 ol+opx+lluid 
C-2854 c 35 1200 e 35 1200 lost 50-100 50-100 ol+opx+lluid 
C-2260 Ill 25 IOOO 111_25_1000 130 - 80-100 opx+melt 
C-2237 Ill 25 1100 m_25_ 1100 100 . 80-100 opx+mclt 
C-2234 Ill 25 1200 m_25_1200 100 . 100-150 opx+mclt 
C-2230 m 25 1300 m_25_1300 small (<30111111 . 20-30 opx+mell 
C-2264 Ill 25 1400 Ill 25 1~00 145 . 80-150 onx+mell 
C-2859 c 25 1100 ca3 85 30-50 50-70 opx+ol+lluid 
C-2858 c 25 1100 ca6 82.5 200-300 50-100 onx+ol+lluid 
D-857 c 25 1000 cmlOOO 35 30-50 50-80 opx+ol+lluid 
D-855 e 25 1100 catl 100 67.5 30-50 50-90 opx+ol+lluid 
0·856 e 25 1200 cat 1200 72.5 30-100 500-1 00 opx+ol+lluid 
•p = pcriclasc-buffcred experiments. e • opx-bulli:red experiments. m = hydrous melt-buffered experiments 
.. the numbers atlcr the buffer's code iniclcatc pressure ( kbar) and temperature {'C ) respectively (expect for the ca3. ca6 and c::1t experiments 
*** ol = olivine. per= pcriclasc. opx = orthopyroxene. chi= clinohumitc. cho = chondrodite 
grey area indicates a p·bullcrccl cxcrimcnt in which the activi ty of water is d..:crcascd by the addition ofKCI 
free water present 
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I. Kovacs Chapter 3 Experiments in chemically ~imp le systems 
apparatus above I 5 kbar, and in % inch sized vessels at 5 kbar. Pressure is calculated 
from the direct conversion of load to pressure (low friction assembly) and is accurate to 
±0. 1 GPa. These experiments are conducted for at least 24 hours, which a llows the 
assembly to compact and eliminates internal friction. Temperature is controlled using 
type B thermocouples (Pt94RhdPt10Rh30) and is accurate to within ± 1 °C. 
3.3.3. Sample preparation 
The recovered experimental charges are cut in half. One hal f is mounted in 
epoxy and ground down until a representative section is exposed. This section is then 
polished gradually on high precision diamond and alumina plates to the I ~un grade. 
The phase relation and grain s ize was stud ied by an optical microscope and SEM 
imaging (Figure 1). After SEM imaging and petrographical observations, the charges 
are removed from the epoxy mount and the polished side is attached to a glass slide with 
crystal glue. The charge is then polished on the opposite side to make a double polished. 
thin section for FTl R analysis (Table 2). During this procedure some of the 
experimental charges may be lost, as loose grains can be plucked the matrix and often 
cannot be recovered. The other half of the capsu les is mounted in indium for SIMS 
analysis as explained in Chapter 2.2. These samples undergo detailed SEM imaging of 
ablation pits after SIMS analysis, if the SIMS data show large variation for a single 
mineral. 
3.3.4. Analytical techniques (SEM, FTIR, SIMS) 
Experimental charges were investigated at the Electron Microscopy Unit of the 
Australian National University and the Department of Terrestrial Magnetism at the 
Carnegie Institution, Washington D.C., on a Hitachi 4300 S/E FESEM and Jeol SM 
6500 FM scanning electron microscope respectively. The instruments were both 
operating at 15 Kev. Phase compositions were determined by energy dispersive 
spectrometry (EDS) using the Hitachi 4300 S/E FESEM operating at I 5 kV and a beam 
current of 0.6 nA (Table 3). Natural minerals (olivine and albite) were used as 
secondary standards. 
SIMS analysis were conducted on a IMS6f ion microprobe at the Carnegie 
Institution in Washington, D.C., with analytical parameters set out in Chapter 2.2 and 
Hauri et al. (2002) and Koga et al. (2003). Different cal ibrations are used for ol and opx 
to convert H>oHt3°S i ratios into absolute concentrations of water. For the first set of 
experiments (p-, e- and in-buffered at 25 kbar) an olivine+pyroxene calibration of 3477 
1-11 
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f) 
g) i) 
Figure I SEM images or experimental charges and ablation pits: a) p-buffcred at 25 kbar and 1300 °C: 
b) e-bufTered at 25 kbar and I 000 "C: c) e-bu ITcred at 25 kbar and 1400 °C: d) e-bufTered at 25 kbar and 
1300 °C: c) e-bulTerd at 5 kbar and I JOO °C: f) e-bufferd at 15 kbar and 1100 "C: g) 111-buffered at 25 
kbar and 1400 "C: h) eat system at 25 kbar and 1200 <>C: i) ea6 system at 25 kbar and 1100 °C; j ) e-
buffcred at 35 kbar and I 200 °C; k) e-bu ffered at at 35 kbar and 1100 °C: I) e-bu lfored at 5 kbar and 1200 
°C (see the text and Appendix Ill and Appendix IV for more detail). opx = orlhopyroxene, ol = olivine, 
pc = periclase. 
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Table 3 Chemical composition (wto/e>)()f_mjnerals in e~:;_,_e~()_~nd e~t e;<Reriments 
cat_ 25 _I 000 eat_25_1100 
mineral ol opx ol opx 
n.o.a. 3 10 4 6 
wl% SltlcV wt% sl<lcv min max wt% stdcv wt% stdcv min max 
MgO 57.86 0. 15 39.65 0 . ./9 38.79 40.28 57.94 0.17 39.75 0.23 39.5 1 40.03 
Al20J n.cl. 2.03 1.08 0.72 3.61 n.cl . 1.88 0 . ././ 1.48 2.65 
Si02 42.09 0.08 57.98 0.86 56.62 59.16 42.04 0.13 58.o7 0.31 57.52 58.45 
Ti02 n.cl . 0.34 0.33 0.00 0.99 n.d. 0.31 0.06 0.22 0.39 
ca3 ca6 
mineral ol opx ol opx 
n.o.n. 
-
6 2 8 
wt% sld..:v min max wt% sldcv wt% stdcv min max 
MgO 39.16 0.52 38.64 40.10 57.70 0.18 38.85 0.59 37.98 39.60 
i\120 3 3.77 1.15 1.69 5.06 n.d. 4.44 1.62 2.47 7.04 
Si02 57.08 0.65 56.30 58.21 42.05 0.16 56.71 1.05 54.98 57.93 
n.o.a. = number of analysis: n.cl . "" not detected: ol = olivine: opx = orthopyroxcnc: stdcv = sta11<lard deviation 
eat_25_1200 
ol opx 
8 6 
wl'X• slckv wl% stdcv 
57.87 0.13 39.75 0.21 
n.cl. 2.00 0.39 
42.03 0.12 57.89 0.26 
n.d. 0.36 0.08 
min max 
39.45 40.06 
1.50 2.69 
57.49 58.17 
0.26 0.48 
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I. Kov:ics Chap1cr 3 E~pcrimcnls in chemically s imple syslcms 
(for ppm of water) is used (Table 4). In the second set of experiments (p-, e-buffered 
experiments at pressures other than 25 and ea3, ea6 and eat experiments) mineral 
specific calibration factors of 3205 and 3135 are applied to ol and opx respectively 
(Table 4). These values are slightly higher than those reported after analyses of 
synthetic glasses (3050 and 2930 for ol and opx, respectively, see Chapter 2.3), which, 
again, reflect slight changes in instrumental conditions between the different analytical 
sessions (i.e., ion yield, tuning of the ion gun, quality of vacuum etc.). This drift is, 
however, by no means significant and emphasizes the importance of calibrating the 
instrument before each session. During the measurements an anhydrous forsterite 
crystal is used to monitor the water background, which is around 6 ppm for experiments 
contain ing only nominally anhydrous minerals but never higher than 21 ppm, even 
when hydrous phases (i.e., chondrodite and clinohumite) are present. The analyzed 
160HP0s i ratios are always corrected for background, which becomes especially 
important at very low concentration levels (Table 4). Ablation pits were imaged with 
SEM after the SIMS session to check if inclusions or phases other than the target phase 
are included in the ablation volume, as this can corrupt the quantitative results (Figure 1 
and Appendix IV). 
FTJR analysis was conducted at the Research School of Earth Sciences using a 
Bruker IFS 28 spectrometer and an A590 JR microspcope (see Chapter 2.1 for 
analytical details). The thin sections are kept in an oven at -90 °C before FTI R 
measurements. The microscope' s sample chamber is continuously flushed with N2 to 
drive off water vapor. For the adopted background subtraction and integration methods 
see Appendix I. 
I attempted to collect infrared spectra from both ol and opx in each experimental 
charge previously analyzed by SIMS for water. Two samples were unfortunately lost 
during the sample preparation (e_S_l 1004 and e_35_ 1200), and one had an insufficient 
grain size (<30µ111) to be considered for a double polished thin section (m_25_ 1300, 
Table 2). Obtaining infrared spectra is sometimes complicated even if the SEM 
observations ind icate large enough grains for FTIR (- 100 µm), as the thickness of the 
studied double polished sections (35-145 ~un, Table 2) is usually similar to or larger 
than the diameter of the largest mineral grains in the experiments. Thus, sometimes it is 
inevitable that the infrared light hits grain boundaries, inclusions and overlapping grains 
of coexisting mineral phases. The quality of the infrared spectra varies considerably for 
•
1 If it is not otherwise specified the first letter(s) and the subsequent numbers of the notation correspond 
to the buffering mechanism (p, e, m, ea3, ea6 and eat), pressure (kbar) and temperature (°C) respectively. 
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Toblr ~ Sl~IS results for mincr31s in chcmiC3lly sunplc S)Slcnis 
r--burrrrtd txotrimcnts 
ol@l lOO"C ol @ 1200"C ol@2S kbar 
pressure (kbar) or 5 IS 3S 5 IS 35 1100• 1200• 1300 ' 1cmp<:rn1urc ("Cl 
number of \tnalysis s s 2 2 2 6 . 6 7 
••ow"'si 00098 0.0282 0.0868 ll.Q27'J 0.0353 O.o934 0.0565 0.0520 
sl3nd3rd devi31ion 0.0011 0.0024 0.()()6.1 0.IJ02J 0.0062 0.0089 0.0015 0.002S 
colibr.uion factor 3205 3205 3205 3205 3205 3205 3477 3477 3H7 
M,O(ppm) 31 91 278 X9 113 299 . 197 181 
siancfard dcviaiion 3 8 20 7 20 28 5 8 
opx @ llOO "C opx @ 1200"C Ol>X @l 25 kbar 
pressure (kb:ir) or s 15 35~ s IS 35 1100• 1200' 1300 ' 1cmocrn111rc ("C1 
numbt:r of analysis 2 2 2 4 s 6 7 4 2 
1
•01v'"si 0.0150 0.0419 0.0391 00169 0.0357 0.0577 o.~33 0.0620 0.0720 
srnncfard dcviotion 0.0027 o.oou 0.0020 0.0018 0.0019 0.0035 o.~o 0.0050 0.0029 
C3libra1ion fac1or 3135 J/J5 3135 J/)5 3135 J/J5 3477 I 3477 I 3H7 
11,0(ppm) .17 /JI 123 53 112 181 ISi 216 250 
standard dc,·ialion 8 4 6 6 6 II 14 17 10 
3 com:-cuonofU 001•'2 1 O 00 1301• Jndo00227" for 'ht 1~01V10St bx~sround is ~pphcd 
, .... buffered exr>erimtnls m·buf(crcd cxoerimcnls 
ol @ llOO ''C clh cho 01>' ({ii 25 kbar 
pressure (kbar) or S" 15 .. 25 35•• 35•• 1000 1100 1200 MOO 
temperature (<"Cl 
number of >n31)'$is 9 8 6 2 s 5 5 s s 
••ow" si 0.1062 0.5730 1.2318 18.0063 36.7656 0.0676 0.0698 0.0783 0.0767 
s1>ndard dc\'falion 0.0106 0.0363 0.1003 0.3846 0.8132 0.0032 0.0081 0.0023 0.0050 
calibration factor 3205 3205 3477 3205 3205 3477 3477 3477 3477 
ll:O(ppm) 340 1836 4283 S7710 117834 235 243 272 267 
stand.1rd dc\'iation 3•1 116 322 1233 2606 10 25 7 16 
1>-buffcrcd cx1>cri111cn1s 
ol @l 2Skb3r 
temperature (°C1 1000 1200 1300 MOO 1000• 
number of analysis s 5 8 3 
••ow'"si 1.2633 1.0381 0.2665 0.0814 
srandard dc\i:·uion 0.0965 0.0209 0.0186 0.0343 
calibra1ion factor 3477 3-177 . 3477 3477 
11,0(ppm) 4393 36 10 . 927 283 
sl3ndard dc•·iation 309 67 . 59 110 
3coocc1tonorooo2.1g6, 000251' ~ndo OOGS..1 •• for the •r.out'"S1 ~Lgound '' 3ppl1cd 
&re, ;uc:s ind1c~tcs thc p·bufTcrc:d c'pcruncnt \\1th dwc.ucJ '' .itcr XII\ 1t' 
tat ca6 col 
ol f@ 25 kb.v ol @125 kb:ir ol (ti> 25 kb:ir 
t•"nperaturc ("Cl 1000 1100 1200 1100 1100 
number of analysis 2 2 5 4 . 
160Hl10$i 0.1215 0.0992 0.0971 0.0367 
st:tndard deviation 0.015 I 0.0031 0.0342 0.0023 
calibrnlion factor 3205 3205 3205 3205 320S 
H,O(ppm) 389 318 311 118 
siand3rd deviation 48 10 IS 8 
opx (@ 25 kb:ir opx @1 25 kbar opx@l 25 kbar 
tcmper31urc {°C) 1000 1100 1200 1100 1100 
number of analysis 4 2 s 6 4 
••oHr"'s; 0.1330 0.2460 0. 1663 0.3494 0.2936 
stand:ard dc\'i31ion 0.0853 0.0263 O.OH2 0.1003 0.0834 
calibration factor 3135 3135 3135 3135 3135 
H,O(ppm} 135 724 ·185 1023 862 
stand3rd dc\'ia1ion 57 7 77 323 191 
.i correction of 0,00227 (Ot ~ "Otll\(ISi b.xkgound is ;1ppbC'd. ol • Oh\1nc, op' • or~ ro\Cnic. clh chft0hum11.:, cho • chondr\X,h1( 
~ fields 5WlOUnd~ b\ bold l1M't 1nd1c3le m-3.h. $i$ conumtnJtcd ~ •n<hrs1ons: 
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these reasons and is classified into four different categories in Appendix I (indicated by 
different depth of the grayscale in Table 5 and Table 6). 
Average unpolarized in frared spectra normalized to I cm thickness are 
integrated using the Integration tool of the OPUS® software. The different major 
substitution mechanisms in ol ([Si], [Ti], [trivalent], [Mg] and [hydrous]) are considered 
separately (as explained in C hapter 2.3) and likewise for opx, where the major peaks 
are evaluated separately (see more about our integration protocol in Appendix I ). In 
some experiments the average unpolarized linear absorbance of either ol or opx is 
beyond the application field of our new unpolarized infrared method, therefore, a 
correction outlined in Chapter 2.3 is applied. 
3.4. Results 
3.4.1. Texture a nd phase relations 
ln the p-buffered experiments, periclase + ol + quenched fluid are identified 
(Figure la), except in one experiment at 35 kbar and 1100 °C, where chondrod ite and 
clinohumite are present instead of ol. The grain size of ol is in the 50-300 µm range and 
does not display any systematic variation with temperature and pressure (Table 2 and 
Figure la). The periclase seems to enclose ol grains. In the e-bufTered system, the 
experiments failed to grow large enough crystals for FTIR at 1000 °C (Figure 1 b) and 
at 1400 °C the charge is above the solidus (Figure le), so consequently we report data 
only for the coexisting ol and opx at 1100, 1200 and 1300 °C (Table 2 and F igure ld). 
The assemblage in thee-buffered experiments consists of ol+opx+fluid. The grain size 
of both minerals is similar and typically in the range of 30-100 µm. The grains are 
euhedral and exhibit equigranular-like texture (Figure ld). Interestingly, at 5 and 15 
kbar and 1100 °C the ol and opx form two separate layers and the ol tends to occur as 
slightly larger (100-150 ~tm) and elongated grains (Figure le and lf, respectively). In 
the m-buffered experiments, opx coexists with hydrous melt, however, the hydrous melt 
does not form separate layers but appears to Iii! the space among opx grains (Figure 
1 g). The opx grains are 20-150 µm in size and euhedral in shape. In spite of several 
repeated attempts, the experiment at 1300 °C and 25 kbar always returned insufficient 
grain sizes (<25 µm) and the minerals in the capsule were dark, unlike other 
experiments in which crystals are always lighter in color. The exact cause has remained 
undetermined and the charges were excluded from further investigation. The texture 
and phase composition of experiments with additional Al20 3 and Ti02 resemble the 
1-'6 
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other ' pure' e-buffered experiments, however, the grain s ize is smaller (30-70 ~un) 
(Figure th). In the ea6 experiment ol forms a string of considerably bigger grains 
(- 200 µm , Figure Ii). 
3.4.2. Chemistry 
The chemistry of the mineral phases in the Mg0-Si02-H20 system with the 
exception of chondrodite and clinohumite in an mg-buffered experiment is not studied 
in detail as their compositions correspond to pure enstatite and forsterite. Chondrodite 
and cl inohumite are identified by being si lica deficient with respect to forsterite and 
giving consistently low totals. Although the concentration of oxides is slightly low in 
comparison to an ideal chondrodite or c linohumite, the stochiometry is perfectly 
consistent (T able 4 in C hapter 2.3). In the ea3, ea6 and eat experiments both o l and 
opx are analyzed in detail for the concentration of doping elements. The ol shows 
identical composition in al l three different systems (ea3, ea6 and eat) whi le the . 
concentration of additional elements remains under the limit of detection for EDS 
(Table 3). It seems that opx takes up most o f the Al20 3 and Ti02 in each experiment. 
In the ea3 and ea6 systems, the opx exhibits heterogeneous compositions with the 
Al20 3-content vary ing between 1.69 and 7.04 wt% (Table 3). The average Ah03-
content, nevertheless, is higher in the ea6 system (4.44 wt%) than the ea3 system (3.77 
wt%). The average, Ab03- and Ti02-content in opx vary between 1.88-2.03 and 0.31-
0.36 wt% respectively fo r the eat system. These averages, however, cover a large 
variation in concentration wh ich reflects a rather inhomogeneous composition of opx 
(Table 3). 
3.4.3. SIMS 
It was demonstrated in C hapter 2 that SIMS ca librations for natural and 
synthetic glasses, ol and opx are very similar and can be applied to a wide range of 
compositions. The SIMS analysis usually returns a homogenous composition for ol and 
opx in terms o f water concentration for each experimental charge. The standard 
dev iation is typically less than I 0% (see an ideal ablation pit in Figure lj ). In some 
cases, where the dev iation is considerably higher, the ablation pits are subsequently 
investigated by detailed SEM imaging (see Figure lk, Figure 11 and Appendix IV). In 
the anomalous charges, the ablation pits are always found to show s igns of inclusions 
and impurities. Especially strong variation is observed in the 160 H/30Si s ignal for ol in 
the e-buffered experiment at 35 kbar and 1100 °C. In the SEM images of this 
1~7 
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experiment, vesicular, sponge-like networks of inclusions are identified on the ablation 
pit' walls (Figu re J k and Appendix IV). Similar inclusions are found, even if only to a 
smaller extent, in opx from the e-buffered experiments at 5, 15 and 25 kbar and 11 00 
°C, and again in ol from the e-buffered experiments at 5 and 25 kbar and 1200 °C. For 
these experiments, the two lowest concentrations are used to represent the mineral. On 
two occasions (i.e., opx in an e-buffered experiment at 15 kbar and I I 00 °C; ol in the 
same system at 5 kbar and 1200 °C, Figure 11) little patches of another coexisting 
mineral are found to have contaminated the signal. In these two experiments the 
contaminated data were excluded from further analysis (Table 4). 
In the p-buffered experiments, water concentration varies from 283 to 4393 ppm 
in ol and increases with both pressure and temperature (Figu re 2a and Figure 2b, 
respectively, and Table 4). At 35 kbar and 1100 °C chondrodite and clinohumite 
replace ol, and SIMS indicates much higher water concentrations (see Chapter 2.3 for 
more detail). 
In thee-buffered experiments, ol has water concentrations from 3 I to 299 ppm, 
which is at least an order of magnitude less than in the p-buffered experiments (Table 
4). The concentration increases with pressure, but s lightly decreases with temperature 
(Figu re 2c and F igure 2d, respectively, and Table 4). Clari fication of the temperature 
effect for ol is complicated by the fact that grains large enough for SIMS analysis are 
not found at I 100 °C and 25 kbar. The water concentration in opx varies from 53 to 250 
ppm in e-buffered experiments (Table 4) and seems to increase with both pressure and 
temperature. This temperature affect is less pronounced in the pressure series at 1100 
and 1200 °C, wh ich may be due to presence of inclusions (Figure 2e and Figu re 2f, 
respectively, and Table 4). The water increases in opx with pressure up to 25 kbar and 
then slightly decreases at 35 kbar (Figure 2c). 01 and opx show a comparable 
concentration of water over a considerable P-T range in the e-buffered experiments 
(Table 4). 
In the m-buffered experiments, opx has a water concentration of between 235 
and 272 ppm, and there is indication of a broad positive correlation with temperature 
(Figure 2f). The opx in these experiments has a higher concentration of water than in 
the respective e-buffered experiments (I 51-250 ppm, Table 4). 
Within the ea experiments, ol was only analyzed by SIMS in the ea6 experiment, 
as large enough grains for SIMS were not found in the ea3 experiment. Th is is 
consistent with SEM observations which indicate a smaller grain size in this latter 
experiment. The concentration of water in ol is I 18 ppm in the ea6 experiment. Opx in 
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Figure 2 Temperature and pressme dependancc of water solubility in ol and opx from different 
experimental systems (see text fo r more detail): a) pressure dependance of water solu bi lity in ol 
from p-buffercd experiments; b) temperature ckpendance of water so lubility in ol from p-bufferecl 
experiments: c) pressure depcndance of water solubility in ol from e-buffered experiments; d) 
temperature depcndance of water solubility in ol from e-buffered and cat experiments; c) pressure 
clependance or water solubility in opx from e-buffcred experiments; f) temperature dependance of 
water solubility in opx from e-bufTered and eat experiments. Concentrations are given in ppm 
(SIMS) and the error is 15% in each datum. The open green triangle for the pressure series in the 
p-buffered experiments indicates a concentration determined by FTIR and as such it bears c.a. 25% 
uncertainty. 
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the ea3 and ea6 experiments has 862 and I 023 ppm of water respectively (Table 4). 
The concentration of water in opx varies over a considerable range in each experiment, 
but no sign ificant volume of either inclusions or other contaminants was idenli tied in 
the SEM images (Appendix IV). These concentrations in opx are much higher (at least 
by a factor of three) than either those in thee- or m-bu ffered experiments (Table 4). 
The concentration of water in ol from eat experiments increases from 31 I ppm 
at 1200 °C to 389 ppm at I 000 °C (Figure 2d). There is a large variation in water 
concentration for ol at I 000 °C but inclusions and other contaminants were not 
identified in the SEM images (Table 4 and Appendix IV). The concentration of water 
in ol from the eat experiments ranks highest among a ll experimental systems studied 
here. The opx has concentrations of water between 135 and 730 ppm and exhibits a 
large variation in each run. Traces of inclusions in the SEM images are identified only 
for the most water-rich opx at 1100 °C with 730 ppm. 
The experiment at 25 kbar and I 000 °C, in which the activity of waler is lowered 
by the addition of KCI, resulted in a water concentration of 283 ppm, as opposed ta 
4393 ppm in its KCl-free counterpart (Table 4) . 
3.4.4. FTIR signatures 
3.4.4.1. Qualitative aspects 
In the p-buffered experiments, the following peaks are identified 3612, 3589, 
3579, 3566, 3555, 3542, 3533 3478 and 34425 cm·1 in ol (Figure 3). These peaks are 
identical to the [Si] peaks outlined in prev ious chapters. Another broad peak, present 
around 3700 cm·' , is known to represent serpentine and is considered to be related to 
quench phases (Berry et al., 2005). 
In the e-buffercd experiments, the spectrum of ol shows two peaks at 3160 and 
3220 cm·1 in addition to those in the p-buffered experiments (Figure 4a). These peaks 
are identical to [Mg] peaks in the previous chapters. Smaller peaks above 3630 cm·' are 
re lated to hydrous phases (serpentine minerals). Peaks may occur at 3360 and 3060 cm· 
1 in ol but these originate from overlapping opx crystals. In the ea experiments ol still 
has [Si] peaks but the [Mg] peaks are missing and additional [trivalent] peaks appear 
(Figure Sa). The position and number of [trivalent] peaks, however, change 
considerably with the Al20 3 concentration in ol from the ea3 and ea6 systems. There 
are two absorption peaks at 331 1 and 3296 cm·1 in ea3, whereas three peaks are present 
5 The peak positions are expressed in wavenumbers (i.e. cm·1 which is the inverse of wavelength [cm]) 
and the uncertainity on the position is ±2 cm·1• 
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average unpolarized infrared spectra for ol in p-buffered experiments 
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Figure 3 Average unpolarized infarared spectra for ol in p-buflered experiments. Dashed 
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activity of,,.vater is decreased by the adition of KCI. Position of major peaks are highlighted 
with vertical dashed lines (see text for more detail). Spectra are stacked for clarity. 
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a) average unpola rized infra red spect ra for ol in e-buffercd experiments 
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Figure -t Average un polarized absorbance for ol (a) and opx (b) in c-bulTerecl experiments. 
Dashed I ines resprcsent the position or major peaks. Asterisks indicate peaks originate from 
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a) avernge unpolarized infrared spectra fo r ol in ea3, ea6 and cat experiments 
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at 3383, 3348 and 3322 cm·1 in the ea6 experiment (Figure Sa). In the eat experiments, 
only a few [Si) peaks are present (3613, 3480 and 3407 cm.1) in ol, of which only the 
3613 cm·1 peak is significantly pronounced. The major peaks are the [Ti] peaks at 3572 
and 3525 cm·1• There are also some [trivalent] peaks at 3382, 3348 and 3322 cm·', 
which closely resemble the trivalent peaks identified in the ea3 and ea6 experiments 
(Figure Sa). Spectra of sufficient quality could not be obtained for the eat experient at 
I 000 °C due to small grain size and inclusions. The ol from the p-buffered experiment 
with additional KCl shows identical peaks to its KCl-free counterpart with on ly the 
intensity of the absorption peaks appearing weaker (Figure 3). 
Opx in thee- and m-buffered experiments has two major peaks at 3360 and 3060 
cm·1 and sometimes one smaller one at 3475 cm·1 (Figure 4b and 6). There is a 
shoulder (at 3382 cm"1) on the 3360 cm·1 peak at lower temperatures ( 1000 and 1100 
°C) in them-buffered experiinents (Figure 6). The 3060 cm·1 peak sometimes has little 
wiggles on its low wavenumber side, which is due to remnant organic so lvent (Figure 
4b and 6). In the ea and eat experiments, however, opx has four major peaks at 3600, 
3530, 3473, and 3410 cm·'. The 3530 cm·' peak usually splits into two peaks at 3547 
and 3522 cm·1• The 3410 cm·1 peak has a shoulder around 3385 cm· ' . Unlike o l, the 
peak positions of opx don ' t change with Al20 3 concentration in the ea and eat 
experiments (Figure Sb). Furthermore, the absorbance characteristics of opx in ea and 
eat experiments is substantial ly different to that in e- and m-buffered experiments. 
3.4.4.2. Quantitative aspects 
In Table S and Table 6 total integrated absorbances o f major peaks and 
substitution mechanisms are reported for ol and opx. The integrated absorbances are 
estimated with the new unpolarized method set out in C hapter 2.1. These absorbances 
can only be related to absolute concentration o f water if the absorbance characteristic is 
within an acceptable range and the spectrum is of sufficient quality (see Appendix I). 
In C ha pter 2.3 it was demonstrated that some experiments also di scussed in this 
chapter, can be successfully used to evaluate calibration factors for different substitution 
mechanisms in ol. 
The reported absorbances are always integrated total absorbances normalized to 
1 cm thickness, if it is not specified otherwise. The corrected total absorbance of [Si] 
peaks in ol from p-buffered experiments varies from 52 to 7050. The integrated 
absorbance of [S i] peaks in the KCl-doped experiment is 1406, sign ificantly lower than 
its KCl-tree counterpart (7050). The contribution o f the hydrous peaks (>3630 cm"1) 
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Table 6 Summary of SIMS and FTIR parnmctcrs for orthopyroxene in experiments from chemically simple systems 
SIMS l'rl R 
sample quality 1110 (ppm} stdcv quality n.0.:1. :i.11.:i. corr pea ks (cm·•) 3600 35-t7+3522 3475 341 0 3360 corr 3060 ~]ullf,.,. 
e_5_1100 53 8 
e_5_1200 
-
59 6 .....:....J 16 0 15• 301 0 
e_15_1 IOO 
_J 147 4 16 0.0530 470 177 647 
c_15_1200 118 6 
~- -
8 0.0057 43 5 
e_:!S_l 100 151 13 
~ 
5 0.0410 3360. 3060, hydrous 257 45 302 
c_25_1200 216 16 6 0.0670 384 244 627 
c_25_1300 250 9 6 0.0610 520 259 778 
-
c_35_ 1 IOO 
' 
185 6 15 0.0380 270 27 297 
c 35 1200 187 II 
m_25_1000 235 10 8 0.1240 3475.3382.3361,3062 12 663 264 939 
-m_25_1 IOO 243 25 8 
-
0 0880 3475, 3382. 3361. 3062. hydrous 8 374 65 
m_25_1 200 272 7 8 0.2100 I. JO 3362, 3062.hydrous I 1158 117-1 461 1620 
m_25_1400 267 16 10 0.2900 1.15 3361, 3062. hydrous 0 1033 1188 487 1520 
ca3 862 191 - I 4 0.0026 3600.3547,3522.3473.3410.3385 9 33 2 42 86 ea6 1023 323 4 0.0024 3600,3547.3522,3473.3410, 3385 26 35 I 13 74 
cat_25_1000 135 57 
- I II 0.027' - - - - - - - -cat_25_1 IOO -., 730 12 I I 0.0017 3600,3547.3522.3473,3410.3380 4 30 I II 46 
cat 25_1200 485 77 13 0.0022 3600.3547,3522,3473.3400 20 32 11 25 88 
stdcv = siandard deviation: n.0.:1. =number of analysis: a.u.n. = avcrngc unpolaraizcd linear absorb;mcc:corr =correction factor (sec C hapter 2. 1. and 2.3 for more detail) 
• these sp.:ctr:i cannot be used for runhcr investigation due to their poor quality, 1 calibrntion factors arc taken from Chapter 2.3 and only applied to c- and m-buffcred experiments 
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I. Ko\'acs Chapter 3 ~;xpcrimcn rs in chemically simple systems 
changes from 0 to 2915 in p-buffered experiments (Table S). In the e-buffered 
experiments, the contribution of [Mg] peaks (0-117) is lower or similar to [Si] peaks ( 1-
585) (Table S). In the ea3, ea6 and eat experiments, the [trivalent] peaks have 
comparable contribution (7-1 3) to the combined contribution of [Ti] and [Si] peaks ( 1-
70). In the eat experiments, the contribution of the [Ti] peaks (58-66) becomes 
dominant and [Si] peaks account only for a subordinate portion of the total absorbance 
(4-5). Note that [Si] peaks have more integrated absorbance than [Ti] peaks in the eat 
experiment at I 000 °C, this is due to the spectra being of very low quality (Table S, 
Figure Sa). The hydrous peak's contribution in 'pure' and doped e-buffered 
experiments is 0-266 and 0-30 respectively, but usually remains low relative to the total 
integrated absorbance of the intrinsic water peaks. 
There are two major peaks at 3360 and 3060 cm-1 in opx from the e- and m-
buffered experiments and their contributions to total absorbance are 43-520 and 0-259 
respectively. The absorbance of the 3060 cm-1 peak bears significant unce11ainty as it is 
biased by the presence of peaks related to organic solvents (Table 6). There is also 
some contribution from hydrous peaks in opx (>3630 cm-1) but this on ly occurs 
significantly in the in-buffered experiments (33-40 I). In the ea3, ea6 and eat 
experiments, as was the case for ol, the quality of the spectra for opx is not suitable for 
thorough quantitative work (Table 6, Figure Sb). The contributions of the 3530 and 
3410 cm·1 peaks seem to be the dominant ones (0-35 and 11-42, respectively) followed 
by the 3600 cm·1 (4-26) and 3475 cm-1 peaks (0- 11). The contribution of hydrous peaks 
in opx is negligible (<25) in these doped experiments (ea3, ea6 and eat, Table 6). 
The integrated absorbances in ol and opx are converted to absolute 
concentrations using the calibration factors developed in Chapter 2.3 (Table S and 
Table 6). There is an encouraging agreement with SIMS concentrations, where the 
quality of the infrared spectra is thought to be good, but significant deviations may be 
present if the infrared spectra are of bad quality or ifthe SIMS analysis is contaminated 
by inclusions (see more in C hapter 2.3). 
3.S. Discussion 
3.S.1. The strength of combining FTIR and SIMS analysis 
The combined application of FTIR and SIMS allowed me to study both the 
quantitative and qualitative aspects of water incorporation in o l and opx using 
chemically simple systems. FTIR was a reliable tool for identifying the way in which 
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water is incorporated in NAMs, but sometimes failed to give meaningful quantitative 
information due to the small grain size in experimental runs. SIMS, on the other hand, 
made it possible to obtain quantitative results even from very small grains (- 20-30 µm) , 
but the origin of the analyzed 160H cannot be constrained, and therefore, inclusions, 
grain boundary films and other minerals can be included in the sample volume, which 
may distorts the real 160HJ3°Si ratios. It is for this reason that a detailed, subsequent 
investigation of the ablation pits is of substantial importance. The SEM imaging, for 
example, can significantly improve the quality of the data, as ablation pits affected by 
any of the contaminating factors (i.e., inclusions, overlapping phases and grain 
boundary films) can be excluded from further investigation. Without this labor 
intensive step, the SIMS data can be meaningless with regard to the concentration of 
structurally bound water in NAMs, and therefore, may not be adequate for studying the 
dependence of water solubility on a number of physical facto rs. FTIR also has the 
ability to show the presence of the contaminants; however, it samples a much larger. 
volume, and thus may not be an optimal reference to SIMS analysis. The experiments 
in most cases returned grains large enough (>30 µm) for S1MS analysis (i.e., the size of 
the ablation pit is 20-25 µm in diameter), highlighting its great advantage over FTIR, 
which optimally requires grains at least a factor of two times larger (70-100 ~tm) for 
quantitative purposes. This grain size for FTlR corresponds either to the thickness of 
the (thinnest routinely achievable) double polished thin sections (60-70 µm) or the size 
of separated grains that can still be used for quantitative FTIR (Matveev and Stachel, 
2007). 
3.5.2. Substitution mechanisms of water in ol and opx 
3.5.2. /. Olivine 
In p-buffered experiments, there are only [Si] peaks, whereas in the e-buffered 
experiments, [Mg] peaks occur in addition to [Si) peaks. This is consistent with the 
results of Bali et al. (2008), Berry et al. (2005), Grant et al. (2006), Lemaire et al. (2004) 
and Mosenfelder et al. (2006) in the Mg0+Si02+H20 system (Figure 3, 4a). Bai and 
Kohlstedt ( 1993) and Matveev et a l. (200 I) found a similar variation in substitution 
mechanism with buffering phase but instead of [Mg) peaks, in their experiments, 
[trivalent] peaks appeared in addition to the [Si] peaks. This apparently occurred due to 
their use of natural, iron-bearing ol crystals where a portion of the iron, at higher silica 
activities, may lead to the formation of (trivalent] peaks. This is in agreement with the 
study of Grant et al. (2007b) who proposed that both higher silica activity and oxidation 
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state can facil itate the formation of (trivalent] peaks. The [trivalent] and [Ti] peaks 
appear in ol besides [Si] and [Mg] peaks in our ea3, ea6 and eat experiments (Figure 
Sa). The presence of [trivalent] and [Ti] peaks is attributed to the incorporation in ol of 
Al3+ and Ti4 respectively, and is entirely consistent with the results of Berry et al. 
(2005), Berry et al. (2007a), Berry et al. (2007b) and Walker et al. (2007). In the ea3 
experiment, however, the two (trivalent] peaks are at 33 11 and 3296 cm·1, which differs 
from both ea6 and Berry et al. (2007b), where the [trivalent] peaks in Al20 3-doped 
experiments appear at 3383, 3348 and 3322 cm·1 (Figure Sa). This shift in the position 
of [trivalent] peaks at different Ali03-contents, (to the best of my knowledge), has not 
previously been reported and needs further investigation. Note that Kudoh et al. (2006) 
and Smyth et al. (2006) attributed [Si] peaks (3400-3630 cm-1) to Mg-vacancies which 
is inconsistent with my interpretation that [Si] peaks correspond to hydrated Si 
(tetrahedral)-vacancies. The fact that [Ti] peaks (3572 and 3525 cm-1) are in the same 
wavenumber region as [Si] peaks (3630-3400 cm-1), supports my interpretation, as in 
the Ti-clinohumite point defect, the Ti4+ in an Mg (octahedral)-vacancy is charge 
balanced by two H+ in an adjacent Si (tetrahedral)-vacancy (Walker et al., 2007). The 
(trivalent] peaks occur at substantially lower wavenumbers (3400-3300) in ol, similar to 
the positions of [Mg] peaks (3220 and 3160 cm-1). This is consistent with the trivalent 
cations being charge balanced by a H+ in an adjacent Mg (octahedral)-vacancy (Berry et 
al., 2007b). 
3.5.2.2. Orthopyroxene 
Opx has two major peaks at 3360 and 3060 cm ·1, and in some cases a smaller 
one at 3475 cm·1 in e- and m-buffered experiments (Figure 4b and Figure 6). Th is is in 
agreement with the results of Mierdel and Keppler (2004), Rauch and Keppler (2002), 
Stalder (2004), Stalder et al. (2008) and Stalder and Skogby (2002) in Mg0+Si02+H20 
systems, where opx was also buffered with hydrous melt (m), and in some instances 
with ol (e). In the ea3, ea6 and eat experiments, a completely new set of peaks appear 
in opx at 3600, 3540, 3520, 3470 and 3410 cm·1 (Figure Sb). Rauch and Keppler 
(2002), Stalder (2004) and Stalder and Skogby (2002) investigated the effect of adding 
A'203 to pure enstatite and found similar peaks appearing and replacing the original 
peaks at 3360 and 3060 cm·1• 
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3.5.3. The quantitative effect of buffering mechanism 
3.5.3.1. Olivine 
The quantitative SIMS results provide a comprehensive and internally consistent 
dataset on the solubility of water in NAMs as a function of individual physical 
parameters. The buffering-mechanism seems to play an importan t role in water 
solubility. As indicated by ol in the p-buffered experiments showing a water content 
which is greater by an order of magnitude (283-4393 ppm) than their counterparts in the 
e-buffered experiments (31-299 ppm), at otherwise identical conditions (Table 4 and 
Figure 2). The effect of the buffering phase in changing water so lubility in ol was also 
recognized by other researchers (Bai and Kohlstedt, 1993; Lemaire et al., 2004; 
Matveev et al., 2001 ), but this observation was not taken into account in the fo llowing 
studies, which looked only at the effect of pressure and temperature. Bai and Kohlstedt 
( 1993) pointed out early on, the significant difference in water concentration in ol from . 
p- and e-buffered experiments. Accordingly, Lemaire et al. (2004) found 60-700 ppm 
of water in p-buffered experiments but only 42-110 ppm in e-buffered ones. The 
difference between previous absolute concentrations and those reported in this thesis, is 
due to the different cal ibration factors applied for FTIR, as the authors used the 
wavenumber dependant calibration of Libowitzky and Rossman (1997), which gives 
values that are around a factor of three times lower (see Figure 6 in Chapter 2.3.) than 
the substitution mechanism specific FTIR calibration developed in this thesis. 
Similarly, Matveev et al. (200 1) determined 282-738 and 23-57 ppm of water for ol in 
p- and e-buffered experiments respectively, using the 'Paterson '-calibration, though 
these figures would more closely resemble my own values through application of the 
ca libration evaluated here. Mosenfelder et al. (2006) also identified thousands of ppm 
water in ol from p-buffered experiments, but at higher pressures (-6 GPa). Bali et al. 
(2008) determined lower concentrations of water in ol (51- 178 ppm) for e-buffered 
experiments using the ' Bell ' -calibration, which is in good agreement with my e-
buffered experiments, especially if these concentrations were brought in line with my 
substitution mechanism specific cal ibration. Grant et al. (2006) measured 77-118 ppm 
of water in ol from e-buffered experiments at simi lar pressures and temperatures to 
those applied in my experiments using the calibration factor of 'Bell', but again, these 
figures would more closely resemble my own values (3 1-299 ppm) if my substitution 
mechanism specific calibration factors were applied for quantification. 
The reason these earl ier studies gave lower concentrations of water for ol in 
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chemically simple systems (i.e., MgO+Si02+H20) is due to the different FTIR 
calibrations used for quantification, as pointed out in Chapter 2.3 as well. This is 
because ol in these studies has [S i] peaks to which the authors applied either the ' Bell'-
calibration or wavenumber dependant calibrations. As 1 demonstrated in Chapter 2.3 
the calibration factor for the [Si] peaks is around a factor of three higher on average than 
both the ' Bell' -calibration, which is, in any case, only applicable to [Ti] peaks, and 
wavenumber dependant calibration factors. This means that the real concentration of 
water in ol from p-buffered experiments should be a factor of three times higher on 
average, as these ol have predominantly [Si] peaks. In the e-buffered experiments, 
where [trivalent] and [Mg] peaks also occur, the correction becomes more complicated 
as it requires a complete reevaluation of the original in frared spectra. This correction is 
crucial with regards to [Mg] peaks, as these peaks have a substantially lower calibration 
factor (-0.03) than [Si, Ti and trivalent] peaks, and as is revealed by Lemaire et al. 
(2004), Grant et al. (2006) and Bali et al. (2008), [Mg] peaks may be the dominant 
contributor to total absorbance in e-buffered systems. This means that where the [Mg] 
peaks are dominant, the ' Bell ' and wavenumber dependant cal ibrations may 
substantially overestimate the true concentration of water. 
3.5.3.2. Orthopyroxene 
The importance of the buffering mechanism in these experiments is also 
indicated by opx data, as it has 243 and 272 ppm of water at 25 kbar and 1100 and 1200 
°C respectively, in the m-buffered experiments as opposed to 151 and 2 16 ppm in thee-
buffered experiments at otherwise identical conditions (Table 4 and Figure 4f). These 
differences (-30-70%) are much larger than the analytical uncertainty (- 20%) and 
appear to be due only to the difference in buffering mechanism (e- and m-buffered). 
This is the first report to the best of my knowledge highlighting the role of buffering 
mechanism in varying the solubility of water in opx. Rauch and Keppler (2002) 
determined 223 ppm of water in opx at 25 kbar in an m-buffered experiment using the 
Bell et al. ( 1995) calibration, which is similar to my 243 ppm concentration. Stalder 
and Skogby (2002), Stalder et al. (2004) and Stalder et al. (2008) found 159, 264 and 
170 ppm of water in enstatite in m-buffered experiments at 1150 °C and 25 kbar using 
the wavenumber dependant calibration of Libowitzky and Rossman ( 1997) but applying 
slightly different background subtraction methods. These results also appear relatively 
close to my result (243 ppm) in m-buffered experiments. Mierdel and Keppler (2004) 
analyzed 269 ppm of water in ol from an in-buffered experiment at 15 kbar and 
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1100 °C. Grant et a l. (2006) analyzed 66-156 ppm of water in opx from e-buffered 
experiments at 20 kbar and ~ 1300 °C. These latter concentrations are smal !er than those 
in m-buffered experiments, which may be consistent with my claim that there is less 
water in opx from e-buffered experiments at otherwise identical conditions. 
Even though the buffering effect has been known for some time, it has never 
been adeq uately considered by previous researchers, when addressing the pressure and 
temperature dependence of water solubility in NA Ms. Grant et al. (2006), Mierdel et al. 
(2007) and Rauch and Kepp ler (2002) reported the solubility of water in enstatite as a 
function of pressure and temperature regardless of whether the system was e- or m-
buffered. This is a concerning practice as the effect of temperature and pressure may be 
directly influenced by the effect of the buffering mechanism. In the aforementioned 
studies, the opx is e ither e- or m-buffered, therefore, the effect attributed solely to 
pressure or temperature may also be due to the difference in the buffering mechanisms. 
In particular, Rauch and Keppler (2002) identified 'amphibole' peaks in some of their 
experiments, which are in fact ol peaks (3633, 3578 and 3567 cm'1), thus their claim 
that their experiments are all hydrous melt/fluid buffered is inaccurate, as the authors 
used both e- and m-buffered experiments. It is for reasons such as these that 
experimental resu lts should always be carefu lly checked and only those with identical 
buffering mechanisms should be used for studying the quantitative effect of pressure 
and temperature on water solubi lity. 
3.5.4. The quantitative effect of chemistry 
3.5.4.1. Olivine 
The addition of Al20 3 to the e-buffered experiments does not seem to increase 
the solubility of water in ol (118 ppm in the ea6 experiment) as its counterparts in pure 
e-buffered experiments (at identical conditions) have around 200 ppm of water6 (Table 
4). This suggests that the so lubility of water in ol is, in fact, decreased by the addition 
of Ah03, which may be a result of decreasing water activity in the coexisting fluid 
brought about by the additional Al203. 01 in the eat experiments, nevertheless, has 
much higher water concentrations (311-389 ppm) relative to both ea6 (118 ppm) and e-
buffered (-200 ppm) experiments. The presence of inclusions as a causative factor fo r 
these elevated water concentrations in eat experiments can be ruled out, as contaminated 
11 The water concentration is 181 and 197 ppm at 1300 and 1200 °C at 25 kbar in the e-buffered 
experiments (Table 4) of which linear extrapolation would give a value slightly above 200 ppm. The 
pressure series in the e-buffered experiment have a water concentration of - I 00 and 300 ppm water at 15 
and 35 kbar, therefore the linear extrapolation to 25 kbar, again, would give a value around 200 ppm. 
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ablation pits were not found. The infrared spectra for ol show contributions that are 
dominantly from [Ti] peaks and subordinately from [Si] peaks (Figure Sa and Table 5), 
thus incorporation of Ti02 is likely to be the reason for the .elevated concentration of 
water in ol. This is consistent w ith the argument of Berry et a l. (2005) and Berry et al. 
(2007a) that Ti02 may be the key element in enhancing the solubility of water in ol 
through the formation of Ti-cl inohumite type point defects. 
3.5.4.2. Orthopyroxene 
Opx has a maximum concentration of water in the ea6 and ea3 experiments 
(I 023 and 862 ppm, respectively), the analyses of which reveal a considerable 
inhomogeneity in the nature of these concentrations (Table 4 and Table 6). Al20 3 is 
known to be capable of increasing the solubility of water in enstatite (Rauch and 
Keppler, 2002; Stalder, 2004; Stalder et al., 2005; Stalder and Skogby, 2002), which 
agrees well with the elevated levels of water found in these experiments. Stalder et a l. 
(2005) found 543 and 1443 ppm of water in enstatite with 1.14 and 5.85 wt% of Ali03 
respectively. The opx with 3.77 and 4.44 wt% A!i03 from my ea3 and ea6 experiments 
(Table 4) has 862 and I 023 ppm water respectively, wh ich is in excellent agreement 
with Stalder et al. (2005). Furthermore, the opx in the more aluminum rich experime!1t 
(ea6) has more water (1023 ppm). A considerable inhomogenity in the Al20 3 
concentration is also identified in opx (Table 3). Thus, the scattering in the 
concentration of water in the ea3, ea6 (and eat) experiments is likely to be related to the 
inhomogenity observed in Ab03 concentration. Consequently, the chemical 
composition of opx was analyzed in the immediate vic inity of the ablation pits, when 
any correlation between A l20 3-content and the concentration of water was indicated. In 
F igure 7 there is a broad, positive correlation between water concentration and Al20r 
content, indicating that there is, indeed, a coupled substitution of Al3+ and H+ for either 
Si4+ or 2M2+ in opx as proposed by Stalder (2004). In Figure 7, di fferent samples can 
be identified symbolically, in order to show that the effects of chemical composition and 
temperature are not entangled with the effect of Al20 3-content. This correlation may 
not seem as strong as one may have expected, and as such, is possibly unrelated to the 
ablation pits themselves, but rather a result of analyzing only their immediate vicinity 
for composition. There is an even greater concentration of water in opx from the eat 
experiments (485-730 ppm) relative to the ' pure' e-buffered experiments at identical 
conditions (151-216 ppm), also due to the incorporation of Ah03. Ti02 is not known to 
boost hydrogen incorporation in opx, and the lower concentration of water in the eat 
164 
;: 
V• 
1400 
1300 
1200 
;.( 
c. 
0 800 
= 
·-,....._ 
(f) 
~ 
-(f) 600 
-E 
c. 
c. 
o ... 400 
:r: 
200 
• 0 
0 
/,/// 
,,''. 
,/ 
,,,,,,,, 
/"// ... 
, 
,,,,,,/ 
• 
A. 
• 
A. 
,.//// 
,' 
,/ 
,,,'' 
. ,,,'' 
,,,,,,,' 
,' 
/ + eat I 000 
,,,'' -
,' 
+ ,,/ • eat I 100 
/ eat I 200 
& 
& 
•• 
• 
2 
• 
A. 
• 
+ A. ,, + ea6 
,,'' 
3 
• 
. ,' 
_/,./ 
4 
Al20 3 wt(Yc. in opx 
.& ea3 
5 6 7 
, 
,/ 
,' 
8 
Figure 7 Corre lation between A 1,0.-content and J-T,O concentration in opx from ea3, ea6 and cat experiments. The dashed lines indicate the 
.. ·' .. 
main trends for lowest and highest values. Data arc taken from Table 3 and Ta ble 4. 
:-
;:: 
0 
~ 
~· 
"' 
Q 
;:: 
~ 
~ 
(..I 
r-l 
>< 
"!:l 
.., 
:;, 
3 
.., 
= ~ 
:;· 
,., 
~ 
3 
;;· 
:.. 
~ 
"' §' 
"!:l ;:; 
"' ~
"' ;; 
3 
fl: 
I. Kovacs Chapter 3 Experiments in chemically s imple s~·stcms 
experiments (135-730 ppm) relative to ea experiments (862-1023 ppm), may be 
explained by lower activity of water in the fluid which was doped with both Ti02 and 
Ah03. 
3.5.5. The quantitative effect of pressure and temperature 
It has been demonstrated that the concentration of water increases with pressure 
in ol and opx, regardless of the buffering mechanism (Figure 2a, 2c and 2e). The water 
concentration, however, increases more rapidly with pressure in ol and this trend is 
consistent with the results of Bali et al. (2008), Koh lstedt et al. ( 1996) and Kurosawa et. 
al. ( 1997). In opx the concentration of water also increases up to 25 kbar and then 
slightly drops at 35 kbar in e-buffered experiments (Figure 2e). This is similar to the 
findings of Mierdel and Keppler (2004) and Rauch and Keppler (2002) with regards to 
enstatite, but the trend is found to reverse at lower pressures (- 30 kbar) in my e-
buffered experiments. These studies investigated mainly m-buffered enstatites and this 
may be the reason for the discrepancy. The pressure dependence of water solubility in 
ol and opx implies that the partitioning of water between them should also be dependent 
on pressure as water preferentially enters ol at higher pressures (Figure 8). This trend 
in pa1titioning is clear at 1 I 00 °C but less pro found at 1200 °C. 
The solubility of water in ol from the p-buffered experiments clearly decreases 
with temperature (Figure 2b). The temperature dependence of water solubility in ol for 
e-buffered and eat experiments, however, is not that obvious as the inverse correlation 
with temperature is within the margin of experimental error (Figure 2d and Figure 8). 
Confirming the temperature dependence of water solubility in ol will require future 
work, especially in chemically complex systems (see Chapter 4). Previous studies 
(Bali et al., 2008; Kurosawa et al., 1997; Zhao et al., 2004) have come to contradictory 
conclusions regarding the effect of temperature on water solubility in ol. 
The concentration of water in opx displays a clear, direct correlation with 
temperature at 25 kbar in thee-buffered experiments (Figure 2f). This effect, however, 
is swamped by the presence of inclusions in the pressure series at I I 00 and 1200 °C 
(Figure 2e). In the 111-buffered experiments there is a considerable scatter in the 
concentration of water in opx but it still shows a broad, direct correlation with 
temperature (Figure 2f). The scattering in concentrations may be attributed to the 
coexisting hydrous melt, as the activity of water in a hydrous melt may be rather 
variable relative to hydrous fluids. The direct correlation with temperature was also 
demonstrated for opx in m-buffered experiments by Mierdel and Keppler (2004) and 
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Rauch and Keppler (2002). The fact that ol and opx show reverse correlations for water 
with temperature, suggests that water preferentia lly enters ol at lower temperatures in 
chemically simple systems, a fact that may well have important implications for the 
secu lar evolution of the mantle (see below and Figure 8). This partitioning trend with 
temperature is indicative in eat and e-buffered experiments at 25 kbar. This especially 
important in the eat experiment as it resembles closely chemically complex and natural 
systems containing the two most important elements (i.e., A'203 and Ti02) known to 
play an important role in water substitution in ol and opx. 
3.5.6. The quantitative effect of the activity of water 
SIMS reveals a s ignificant drop in the solubility of water in ol when p-buffered 
experiments at 25 kbar and I 000 °C are doped w ith KCI. The concentration of water in 
KCl-free and KCl-bearing experiments is 4393 and 283 ppm respectively, implying a 
s ignificant difference (Table 4 and Figure 3). This difference is somewhat unexpected, 
as the al-120 was set to around 0.5 which should supposed ly decrease the so lubility only 
moderately. The explanation for this discrepancy remains unanswered but we suspect 
that the SIMS may underestimate the water concentration, which may be aligned to the 
fact that this represents the only experiment where a significant amount of KCI was 
added to the starting composition. This is because the add ition of new elements may 
change the SIMS calibration. Our suspicion may be supported by the fact that the 
integrated absorbances for KCl-free and KCl-bearing are 7050 and 1406 respectively, 
showing a much smaller difference. 
The relationship between the concentration of water in NAMs and water 
activity, however, is in good agreement with several other studies (Bali et a l., 2008; 
Stalder et al., 2008) which have prev iously pointed out that water activity in the 
coexisting fluid/melt plays a very important role, and should not be neglected when 
studying the solubility of water in NA Ms. More experiments using a decreased water 
activity may, in future, help us to better understand and fo rmulate thermodynamic 
aspects of water substitution in NA Ms, as has been demonstrated by Bali et a l. (2008). 
3.5.7. Implications for mantle rheology 
If the indication that 0;;;~01 decreases with temperature is correct (Figure 8 and 
C hapter4), then it has important implications for the secular evolution of the mantle. 
Th is is because the secular cooling of the mantle would transfer 1-120 from opx (and 
presumably cpx) into ol. Olivine plays a key ro le in determining the rheological 
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properties of the upper mantle whereas the role of other mantle silicates is thought to be 
only subordinate (Hirth and Kohlstedt, 1996). Laboratory measurements indicate that 
o livine is s ignificantly weakened by the presence of water, lowering its effective 
viscosity and strain rate at a given temperature (H irth and Kohlstedt, 1996; Karato et al., 
1986; Mackwell et al., 1985; Mei and Kohlstedt, 2000). The viscosity of the mantle 
increases with temperature, therefore, the water and temperature have an opposite effect 
(Karato, 2006; Karato et al., 1986). Since water causes marked weakening in ol , 
increasing water with decreasing temperature may dampen any possible, direct effects 
of decreasing temperature itself, so that the net effect of secular cooling on slowing 
mantle convection may be much less than is currently estimated. This effect may also 
contribute to a long-stand ing problem involving convecting mantle (the melting of 
which produces mid-ocean ridge basalts (MORB)) which is known to be highly 
depleted in heat-producing elements (Korenaga, 2003). Consequently, the missing 
source of heat production due to absence of these elements cannot account for the 
apparent weak rheology of the mantle which is necessary to explain our present model 
for its secular evolution. ' Wetter' o l at lower temperatures, however, may be an ideal 
candidate in the search for this unknown weakening effect without the need to introduce 
radiogenic heat-producing elements. 
3.6. Conclusions 
It has been demonstrated that the qualitative and quantitative aspects of water 
incorporation in ol and opx from chemically simple systems can be successfully 
investigated with the combination of FTIR and SIMS techniq ues. 
It has been shown that the buffering mechanism has a similar impact on the 
concentration of water in NA Ms as pressure and temperature. 
2 The addition of Ti02 and Ab03 for ol and opx respectively, seems to increase 
the solubility of water substantially with respect to pure forsterite and enstatite, 
and leads to the formation of new substitution mechanisms in both minerals. 
3 Temperature may lower the solubi lity of water in ol but increases it in opx at 
constant pressure (25 kbar). As a result, with decreasing temperature, the 
D;f;~"' may decrease as well. 
4 Pressure boosts water solubility in both ol and opx up to 25 kbar, but while 
solubil ity further increases at 35 kbar in ol, it drops slightly in opx at constant 
temperatures (11 00 and 1200 °C). This implies that water preferentially enters 
ol with increasing pressure. 
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5 The solubility of water in ol decreases with the addition of KCI to p-buffered 
experiments, which implies that a lower activity of water in the KCl-doped fluid 
leads to a lower water solubility. 
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CHAPTER4 
EXPERIMENTS IN CHEMICALLY COMPLEX SYSTEMS 
PREFACE 
This chapter is a companion study to Green et al. (2008), on water solubility in 
NAMs from a fertile lberzolite composition near the solidus. The sample 
preparation, the FTIR mesurements, evaluation of the entire FTIR dataset and 
part of the chemical dataset were conducted personaly. The experiments were 
carried out by William 0. Hibberson and David. H. Green at the RSES. 
Petrographic and analytical investigation of the run products was conducted by 
David H. Green whose valuable guideance and support in the interpretation is 
greatly acknowledged. This chapter also benefited from dicussions with Jorg 
Hermann, Hugh St.C. O' Neill and the help of Anja Rosenthal. 
I. Kovacs Chapter -I Experiments in chemically complex S)'Slcms 
4. Experiments with chemically complex, lherzolitic compositions: revisiting the water 
saturated /11erzo/ite solidus 
Abstract 
Experiments with olivine and pyroxene layers in a fertile lherzolite model 
composition (at different P-T-a11 :0 & bulk chemistry) near the solidus were conducted, 
allowing me to study the role of these factors in water incorporation within NA Ms, and 
the partitioning of water between them. This is the first FTIR study lo investigate 
experimentally both quantitative and qualitative aspects of water incorporation in 
coexisting NA Ms in a chemically complex .system. The attainment of equilibrium was 
carefully evaluated to ensure the water substitutions reported for NAMs· reflect near-
equilibrium conditions. The main absorption peaks and water concentrations in NAMs 
closely resemble those in natural samples and previous experimental works. The most 
important conclusion to be drawn from this study is that, if water contents in fertile 
mantle lherzolite are as low as 100-250 ppm H20 at 25 kbar, then pargasite is stable 
and the solidus is the 'dehydration' solidus. Higher water contents result in increased 
pargasite abundance, up to some limit which is appropriate to the bulk composition and 
pressure. Melting then begins when this limiting H20 content is exceeded at the fluid-
saLurated solidus. 
4.1. Introduction 
The aim of th is chapter is to demonstrate an important ' practical ' application for 
the analytical and experimental developments that have been achieved. After studying 
water solubility in olivine and orthopyroxene (in chemically simple systems) to 
understand the role of different major elements, pressure, temperature and water activity 
in a step-by-step approach, this chapter completes my investigation with the inclusion of 
chemically complex systems. The purpose of this FTIR study is to investigate what 
type of defects occur, and how the concentration of water in NA Ms changes through the 
water saturated solidus at 25 and 40 kbar in a ferti le lherzolite composition. These 
experiments also provide an opportunity to study water partitioning among NAMs at 
sub-solidus conditions. The infrared characteristics of NAMs in these experiments will 
be compared to natural rocks, to evaluate the extent to which the experiments reproduce 
natural conditions. This is the first FTIR study of its kind, as only SIMS was used to 
analyze water in NAMs in previous partitioning experiments above the so lidus (Aubaud 
et al., 2004; Hauri et a l., 2006; Koga et al., 2003). 
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The original motivation behind the series of experiments subsequently used for 
FTIR spectroscopy was the desire to reinvestigate the position of the water saturated 
sol idus in fertile lherzol ite compos itions. Questions raised by a new experimental study 
(Grove et a l., 2006) suggested a major revision of earlier work, as the authors' 
interpretation of their findings placed the water-saturated lherzolite solidus at - 1000°C 
at 0.5 GPa but continuing with a negative 8T/8P to at least 3.5 GPa, at 800°C (Figure 
1). Thus, in comparison with earl ier works, Grove et al. (2006) inferred that melting at 
depths around I OOkm within the mantle wedge begins at >200°C below previously 
determined conditions. A number of experimental studies in the I 970's (Green, 1972, 
I 973a, 1973b, I 973c; Kushiro et a l., 1968; Milhollen et a l., 1974) defined the P, T 
conditions for the water-saturated solidus of lherzolite. Whereas the anhydrous solidus 
increases with increasing pressure at 50-100°C per GPa, the water-saturated solidus 
decreases rapidly from - 1100°C at atmospheric pressure to I 000°C, 0.5 GPa, and 
continues to decrease slowly to a minimum of 970°C at 1.5 to 2 GPa. At higher 
pressure, the water-saturated solidus increases with temperature (i.e. positive 8T/8P), so 
that it is above I I 00°C at 4 GPa. The Grove et al. (2006) paper is, thus, not in 
agreement with earl ier studies (Figure 1 ). These differences in the observation and 
interpretation of peridotite melting have serious impl ications for geophysical, 
geodynamic and petrological modelling of convergent margin processes and 
characteristics, which suggests a need for reconciliation between current data and earlier 
results. In a companion study, Green et a l. (2008) clarified the roles of aqueous fluid 
(including solid phases quenched from fluid), water-rich silicate melt and amphibole 
(pargasite) stability. They also demonstrate that the fluid-saturated solidus of the 
lherzolite-model mantle composition is -IOI0°C at 2.5 GPa, -12 10°C at 4GPa and 
I 375°C at 6 GPa . Melt composition at the water-saturated solidus at 2.5GPa is very 
silica-undersan1rated olivine nephelinite. The experiments described below are from 
this larger study. 
4.2. Experimental and analytical methods 
Fertile lherzolite compositions of Ha11 and Zindler (1986) were prepared from 
high purity oxides. Two such mixes were produced, one matching the Hart and Zindler 
composition (mg# = 90; HZ I, Table 1) with the other being more magnesia-rich (mg# = 
94; HZ2, Table 1). Water was added to the fertile lherzolite composition of Ha11 and 
Zindler ( 1986) by adding a ll MgO in the model mix as Mg(OH)2, giving a water content 
of either 0% (the anhydrous end-member) or 14.5% H20 (hydrous end-member). These 
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Table 1 Composition of the fertile lherzolite mixes 
I HZl I HZ2 
Si02 46.2 46.8 
Ti02 0.18 0.19 
Al20 3 4.08 4.28 
Cr20 3 0.40 0.42 
FeO 7.59 4.14 
MnO 0.10 0.10 
MgO 38.0 39.8 
Cao 3.23 3.39 
Na20 0.33 0.35 
K10 0.03 0.03 
NiO 0.28 0.29 
Total 100.4 99.8 
mg# 89.9 94.5 
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two compositions were mixed in appropriate proportions to give lower water contents of 
2.9, 1.45 and 0.145 wt%. These mixes were then loaded in either gold or silver 
capsules, with ' sensor' crystals either as d iscs or layers on the top and bottom of the 
capsules. The technique of using oliv ine (ol) layers or olivine discs adjacent to model 
mantle lherzolite composition in these experiments, together with the systematic 
variation of water content and the presence of a water-rich fluid or melt phase, 
suggested that Fourier-transfonn infrared (FTIR) spectroscopy could provide additional 
infonnation of value. I prepared doubly-polished thin sections (70µ thickness) of both 
layered samples and the samples containing the ol ivine disc. I found that I cou ld obtain 
exce llent IR spectra from both the olivine layers and from the lherzolite matrix, 
including identification of specific pargasite or phlogopite spectra where either of these 
phases was present. l obtained quantitative detennination of the water contents in 
olivine co-existing with each particular phase assemblage. The characteristics of fluid 
inclusions within the olivine discs and the broad 'water' band, characteristic of. 
quenched glass from flu id or melt, could also be seen. The success of water-in-olivine 
measurements led to further experiments in which layers of 01thopyroxene (opx) or 
clinopyroxene (cpx) were substituted for one or both of the olivine layers. My 
approach, however, differs from previous experiments, as both the chemistry and 
infrared characteristics of the 'sensor' minerals were determined prior to and again after 
each experiment, enabling us to check whether equilibrium had been establ ished under 
the new conditions. 
The top-bottom layered method was found to provide more useful samples for 
FTIR, as the discs contained too many inclusions along healed fractures and 
imperfections (060, 061 , Table 2). In layered experiments I deployed 4 different set 
ups: (1) San Carlos olivine (SC) layers on the top and bottom; (2) Al-rich cpx (02554) 
on the top and Al-rich opx (E2554) on the bottom; (3) Al-poor cpx (0250 I) on the top 
and Al-poor opx (OTP I) on the bottom; (4) San Carlos ol on the top and Al-poor opx 
(DTP I) on the bottom (Figure l , Figure 2 and Table 2)1. For thi s later set-up, 5 wt% 
of a 'dry' phlogopite (phlg) component (Table 2) was added to ensure phlogopite 
saturation. Two ' dry' experiments were conducted below the solidus, one at 25 kbar 
without, and at 40 kbar with, the 5 wt% ' dry' phlogopite component. These 
1 The Al-rich pyroxenes (E2554 and 02554) were mineral separates from the primary assemblage of the 
Lizard Peridotite, Cornwall (Green, 1964) crystallized at intermediate pressures (spinel lherzolite). The 
chrome diopside 02501 was from a garnet lherzolite in Alrnklovdalen, Western Norway and the enstatite 
OTPI was from a garnet harzburgite xenolith in the Outoitspan kimberlite, South Africa. 
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Table 2 Experiments in chemically complex systems with ol, opx and cpx layers 
sample duration T 
p H10 
mix* phlg parg 'sensor ' phase assemblage** (days) (°C) (kbar) (wt%) layers 
061 3 11 00 40 2.9 HZ2 no no ol+opx+cpx+ga+fluid 
076 3 1100 40 1.45 HZ2 110 no ol+opx+cpx+ga+fluid 
080 3 1100 40 1.45 HZI 110 no 
ol (SC) ol+opx+cpx+ga+fluid 092 4 1100 40 0.145 l-IZI 110 no ol+opx+cpx+ga+fluid 
081 3 1200 40 1.45 l-IZI 110 no ol+opx+cpx+ga+fluid 
098 I 1225 40 1.45 HZ I no no 8 ol+oox+cox+irn+mclt 060 3 1000 25 2.9 HZ2 no yes ol+opx+cpx+ga+parg +fluid 
085 2.7 1000 25 1.45 HZI no yes ol+opx+cpx+ga+parg +fluid 
052 3 1025 25 1.45 HZ2 no yes 
ol (SC) ol+opx+cpx+ga+p11rg +fluid 
079 3 1025 25 1.45 HZI no no ol+opx+cpx+ga+mclt (quench) 
053 3 1050 25 1.45 HZ2 no 110 ol+opx+cpx+ga+mclt 
077 3 1050 25 1.45 HZI no 110 ol+oox+cox+ga+mclt (quench) 
P3 7 I 150 40 1.45 HZI no no opx (E2554). ~ ol+opx+cpx+ga+fluid P4 7 1000 25 1.45 HZI no 110 cpx (02554) ol+oox+cox+ga+fluid 
1'6 7 I 150 40 1.45 HZI no 110 opx (OTPI). ~ ol+opx+cpx+ga+fluid P7 7 IOOO 25 1.45 HZI no no cpx (0250 1) ol+oox+cox+ea+fluid 
1'8 3 I 150 40 1.45 HZ I +5,,1% phlg no no ol+opx+cpx+ga+mclt (quench) 
1'9 3 IOOO 25 1.45 HZl +5wt%phlg yes yes 
ol (SC). ol+opx+cpx+ga+ph/g +parg +fluid 1'10 4 1000 25 0.145 HZ 1+5wt% phlg yes yes ol+opx+cpx+ga+p/ilg +parg 
Pl I 3 11 00 40 1.45 HZ 1+5wt% phlg yes no opx (DTP!) ~ ol+opx+cpx+ga+phlg +fluid 
PJ2 4 I JOO 40 0.145 HZ I +5wt% phlg yes no ol+opx+cpx+ga+ph/g 
1'30 7 IOOO 25 'dry' HZI no yes ol (SC). ol+opx+cpx+ga+parg 
P32 I I 175 40 'dry' HZl+5wt%phlg yes no opx (DTP!) ol+opx+cpx+ga+ph/g 
the grey areas indicate experiments with olivine discs 
•where phi is the anhydrous composition ofphlogopite: Si02=45.2. Al20 3= 12.8. Mg0=30.2. K20=1 l.8 wt% 
** ol=olivine. cpx=clinopyroxcne, opx=orthopyroxene, ga=garnet. parg=pargasitc. phlg=phlogopite 
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I. Kov:ics Chapter .t E·xperiments in chemically complex systems 
experiments reflect the constraints in attempting to create water-absent (hydrogen 
absent) environment at these P-T conditions. 
Two sets of cpx and opx were used for the layers in this study, one is Al-rich 
(0 2554 and E2554) and the other is Al-poor (0250 I and DTP I )1• These pyroxenes had 
been previously analyzed for major elements, with their FTIR analyses being carried out 
in mounts with randomly oriented grains for this thesis (Table 3). The Al-rich cpx 
(02554) and opx (E2554) have 1175 and 110 ppm of water respectively. These 
pyroxenes have three major absorption peaks at 3565, 3525 and 3420 cm·1 and the cpx 
has an additional broad peak at 3675 cm·1 (Figure 3). These peaks are usually seen in 
opx (see below and Grant et al., 2007a; Peslier et al., 2002), therefore, their presence in 
cpx may indicate opx dissolution (observed optically, Green, 1964). The additional 
peak at higher wavenumbers is typical of hydrous minerals such as amphibole. The Al-
poor cpx (0250 I) and opx (DTP I), in contrast, have considerably lower concentrations 
of water: 83 and 49 ppm, respectively (Table 3). The cpx (D250 I) has two major peaks 
at 3540 ad 3450 cm·', whereas the opx (DPT!) has on ly one major peak at 3600 and a 
smaller one at 3420 cm·1 (Figure 3). The San Carlos ol was studied for both major 
elements (mg# = 90.5, Webb, 1989) and infrared characteristics (see C hapter 2.1 and 
Figure 3). The San Carlos ol has -6 ppm of water and two [Ti] peaks at 3572 and 3525 
cm·1 (Figure 3). Original chemical composition and infrared spectra of these 'sensor' 
minerals is important for demonstrating that new, recrystallized phases formed during 
the experiment reflecting the P, T and water activity of the run conditions. 
Experiments were conducted in end-loaded piston cylinders at 25 and 40 kbars 
with temperatures of 1000-1050 °C and I I 00-1225 °C respectively (Table 2). Au and 
Ag capsules were usually used in this method, placed within a salt/pyrex pressure 
medium and a graphite heater, yielding an oxidation state at I to 2 log units below FMQ 
(FMQ- I, 2 log units). Pressure was calculated from the direct conversion of load to 
pressure (low friction assembly) and is accurate to ±0.1 GPa. The experiments run from 
I to 7 days, which allowed the assembly to compact and remove internal friction. 
Temperature was controlled by using type B thermocouples (Pt94RhJPt10Rh30) within 
±I °C of the set temperature. The recovered samples were mounted in epoxy and 
ground down until a representative section was exposed. The phase relations and grain 
sizes were obtained from detailed studies of SEM images. Phase compositions were 
determined by energy dispersive spectrometry (EDS) at the EMU unit using a Jeol 6400 
SEM operating at 15 kV and a beam current of I nA. 
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Table 3 Starting composition (wt%) of pyroxenes 
Al-poor 
enstatite chrome-diooside 
DTP 1* 02501 * 
Si02 56.2 53.3 
Ti02 0.01 0.09 
Al20 3 2.85 2.59 
Fe20 3 0.43 0.04 
FeO 3.81 1.57 
MnO 0.09 0.05 
MgO 34.2 16.6 
Cao 1.15 22.4 
Na20 0.01 1.39 
K20 0.005 0.002 
P20s 0.04 0.04 
Cr20 3 0.86 1.41 
H20 (ppm)°i· 49 83 
Total 99.58 99.56 
* A.J. Easton's analysis (1963) 
** Green (1964) 
Al-rich 
enstatite diopside 
E2554** 02554** 
53.2 49.7 
0.19 0.31 
6.3 6.8 
0.74 1.37 
5.8 2.38 
0.11 0.03 
31.2 17.8 
2.11 20.4 
0.06 0.36 
0.02 0.05 
n.a. n.a. 
0.67 0.89 
110 1175 
100.38 99.99 
t water is determined by FTIR using mineral specific 
calibration factors of Bell et al. (1995, 2004) 
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Figure 3 Average unpolarized infrared spectra for pyroxenes and olivines normalized to I cm 
thickness in chemically complex systems. Dashed lines represent the spectra oforiginal ' sensor' 
minerals (San Carlos olivine, 02554 clinopyroxene, E2554 orthopyroxene, 0250 I cl inopyrox-
ene and DTPI orthopyroxene). Solid lines indicate the spectra of the respective 'sensor' miner-
als after experiments at 40 kbar and 1100 °C. See Table 8, Figure 4 and text for more detail. 
Spectra are stacked for clarity. 
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After electron microprobe analysis, doubly polished thin-sections were made for 
FTIR analysis. The thickness of these thin sections varies from 34 to 124 µm . FTIR 
analysis was conducted at the RSES, ANU with analytical conditions identical to 
C hapter 2.J. The background subtraction was achieved by using the interactive rubber 
band correction of the OPUS® software, the background is displayed in Figure 4. The 
integration for the main absorption peaks was conducted by the Integration tool of the 
OPUS® software for which the integration limits can be found in Appendix I. For the 
quantification, the total absorbance was estimated by the unpolarized infrared method 
described in C hapter 2.1. The substitution mechanism dependant calibration factors 
for ol, which were developed in C hapter 2.3, are used to determine absolute water 
concentrations. To provide an oppo11unity for comparison with the previous 
quantitative results, both mineral specific calibration factors (Bell et al., 1995, 2003, 
2004) and wavenumber dependent calibrations (Libowitzky and Rossman, 1997) for 
NAMs are considered for quantification and presented in the discussion. The . 
uncertainty on the absolute concentration originates from a number of factors: I) error 
in the individual unpolarized analysis (±3%) and the thickness determination (±3%); 2) 
uncertainty in the estimation of the total absorbance that depends on the number of 
grains analyzed for the average unpolarized absorbance. Here I have at least 9 grains, 
meaning that the error should never exceed ±20%; 3) the calibration factors also 
introduce an error, not thought to be larger than ±I 5%. If all of these factors are 
considered, an average error of 25-30% in each datum appears to be realistic. 
4.3. Results 
4.3.J. Phase relations and chemistry 
My purpose in this chapter is to measure water solubility in the NAMs 
represented by the 'sensor' mineral layers and to correlate this with the presence or 
absence of a hydrous phase (pargasite and/or phlogopite), a sil icate melt or a water-rich 
fluid in the model mantle composition (HZ I, HZ2). Therefore, on ly the 'sensor' 
crystals and the observed phase relations in the fertile lherzolite mix wi ll be discussed 
here. In the experiments with San Carlos ol layers (1) ol, opx, cpx, garnet (grt), 
pargasite (parg) and fluid were present in the mix below the solidus, whereas pargasite 
disappeared and aqueous fluid was replaced with melt above the solidus at 25 kbar 
(Table 2). At 40 kbar the phase relation was the same, with only pargasite missing as it 
is not stable at high pressures (Ta ble 2). The ol is 70-120 µm sized in the layers and 
chemically homogenous in each run with the mg# varying from 90 to 91.3 for all ol 
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matching the HZ I composition (Table 4). The ol was more magnesia-rich 
(mg#=9 I .45-93.20) in the HZ2 fertile lherzol ite mix, reflecting the initial mg#=90 
composition for San Carlos ol and the more magnesian character of HZ2 composition 
(Table 4). The mg# of ol is slightly higher for experiments at 40 kbars, which may be 
attributable to increased garnet content. 
The experiments with Al-rich opx and cpx layers (2) were conducted below the 
HZI lherzolite solidus with ol, opx, cpx, ga and fluid being present in the fertile 
lherzolite mixes both at 25 and 40 kbar (Table 2). The cpx grains were 30-60 µm sized, 
whereas the opx was 50-150 µm. The Al-rich opx had 6.3 wt% of Al20 3 before the 
experiments, which decreased to 1.44 and 2.78 wt% at 40 and 25 kbar respectively, as 
the excess Ah03 formed garnet (Table 5). Similarly, Al-rich cpx lost most of its 
original Ab03 (6.8 wt%) to garnet as it was reduced to 1.97 and 3.66 wt% at 40 and 25 
kbar, respectively (Table 6) . The pyroxenes are not entirely homogenous, as relict Al-
rich cores were found. 
In the other series with Al-poor pyroxenes (3), Al-poor opx lost some of its 
Al20 3 to form garnet only at 40 kbar, but remained the only phase at 25 kbar (Table 5). 
Al-poor cpx preserved its original Al20 3 content (-2.6 wt%) at both pressures (Table 
6). The compositions are more homogenous than those of Al-rich pyroxenes because 
garnet exsolution, (apart from the experiment at 40 kbar with Al-poor opx), was not 
observed. There is a little inhomogeneity, however, in Na20 and A'203 fo r Al-poor cpx 
at 25 kbar (Table 6). The opx has similar Al20 3 content at 25 and 40 kbar regardless of 
whether the starting opx was Al-rich or Al-poor. [n contrast, cpx seems to be more 
sensitive to its original composition, as A l-rich cpx produced a different final Ah03 
content from Al-poor cpx, reflecting differingjadeite (i.e., Na20) contents in both initial 
and final cpx. 
The experiments with San Carlos ol and Al-poor opx layers (4) in fertile HZI 
lherzolite mix (with 5wt% of 'dry' phlogopite component and 1.45 wt% H20) have ol, 
opx, cpx, ga, ph lg and fluid present at 40 kbar and 1100 °C (P 11 ), but quenched melt is 
present and phlogopite absent at 1150 °C (P8, Table 2). The Pl2 experiment at 40 kbar 
and 1100 °C with 0.145 wt% H20 has the same solid phases but fluid is absent (Figure 
2). At 25 kbar and I 000 °C pargasite is present in addition to the phlogopite and garnet 
lherzolite assemblage, and fluid is present with 1.45 wt% H20 (P9) but absent with 
0.145 wt% H20 (PIO, Table 2). The ol and opx grains were 50-200 µmin the layers, 
and free of inclusions and impurities. 01 has an mg# of 90.6 at 25 kbar and 9 1.6 at 40 
kbar and showed a homogenous composition (Table 4). Opx displayed a slightly 
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Table 4 Composition (wt%) of olivine in layers normalized to 100% 
Snn Carlos oli\·in"°l:\ytrrd C'1ptrimtnts (/) 
lhtnolitr mix llZ2 llZ2 llZI llZI llZI 117.1 
s;imnlt P T 061 40 1100 076 40 11 50 080 40 1100 092 .10 1100 OSI 40 1200' 0 98 40 1225 
n.0.:1. I I 2 2 5 5 
wt% \\1% \\1% stdev \\"l% stdev wt% stdev \\1% srdcv 
N01:0 003 n.d n.d nd 0.0 1 0.06 nd 
MgO 51 3 50.6 49. 1 004 49 s 0.03 49 9 0.93 49.5 0.05 
A1:0J n.d n.d n.d. nd n.d 0.03 026 
Si01 41.5 ·I I 5 41 I 0.28 41.0 O.o7 ·II 2 0.50 41 . 1 001 
K10 0.02 n.d 0.00 0.04 n.d n.d n.d 
C•O 0.20 0.08 0.06 O.ot 0,03 0.0.1 0.()8 0.03 0.14 004 
TiO, nd 007 0.00 0.0 1 0.02 0.0 1 0.Q) 0 .09 0.00 0.04 
Cr,O, n d 0. 11 0.o7 0.06 n.d 0.08 o.os 0.06 0.29 
FtO 6.66 7.41 9. 16 0.59 9.13 0.07 s 50 0 56 s 79 0.20 
l\iO 0.28 023 0.46 0. 10 0 30 0.3 1 019 022 0.40 0.00 
Tor•I 100.0 100.0 100.0 100.0 100.0 1000 
mg" 9J 2 92.4 90 5 90.6 913 90.9 
San Carlos olivint--l:'l)'trtd txptrinlt'nt) {I} 
lhtrzolitt mix llZI llZ2 llZI llZ2 llZI 
samnlt PT oss 25 1000 052 25 1025 079 25 1025' 053 25 1050 077 25 1050 
n.o.a. I 4 4 2 2 
wt% W\o/o s1dc:v \\1% stdcv \\1% stdC\' wt.% stdev 
Na10 n.d . n.d. 002 0.04 nd n.d 
MgO 48.6 50.7 0.76 49.0 0 14 49.5 0 II 48.9 0 12 
Al20, O.ot nd n.d nd n.d 
SiO, 40.8 41.4 0.38 41.0 040 41.6 0.49 40.9 0.18 
K10 0,07 0.04 o.os 0.01 0.02 0.03 0.05 0.00 0.01 
Coo 0.05 0.06 0.08 0. 12 0,03 0.00 004 o.os O.ot 
Ti01 0,03 n.d. 0.00 0.05 n.d 004 0.08 
Cr10, 0 IS om oos 0.02 0.05 0.12 0.06 0.06 0.06 
FcO 9.64 7.·10 0.46 9.38 0.06 S.25 0.66 9.73 0.19 
l>iO 0.60 0.32 0 14 0.50 0. 11 0.45 0.09 0.36 022 
Toral 100.0 100.0 100.0 100.0 1000 
mgH 90.0 92 4 903 914 899 
San Carlos olh•int and Al·poor opx (OTPl}-l:l)'trtd uptrimtnls (J) 
lhtrtolitt mix llZ1 +5wt%phlg llZ1+5wl%phlg llZ1+5wl%phlg llZl+5wl'%phlg llZ1+5wt%phlg UZI HZ1+5wt0!.phlg 
samnlc PT PS 40 1150 r 9 25 1000 PIO 25 1000 Pll 40 1100 1'12 40 1100' P30 25 IOOOdN P32 40 1 I 75dov 
n.o.a. 2 3 I 4 3 3 I 
w•% stdcv \'•1% stdcv \\'1% w1% stdcv \\1% stdcv wt% s.tdcv wt% 
Na:O n.d . n.d 0.0 1 n.d nd n.d n.d . 
MgO SO.I 0.24 49.2 0 11 49.4 50,0 1.38 SO.I 0.47 49.6 0.69 49.4 
Al,O, n.d 001 0.01 n.d n.d n,d n.d n,d . 
SiO, 41 3 0.08 41.2 0. 11 ·II.I 
'" s 
0 71 41.1 0 .37 41.2 0.19 41.1 
K10 0.01 0.04 0.01 0.05 0.03 0,C).I 0.07 nd n.d. n .d 
C•O 0.05 0.01 0,02 0,07 0.04 0.06 0.06 0.06 0.04 0.06 0.04 0.06 
Ti01 n.d O.ot 001 0.02 n.d 0,03 0.09 0,02 0.06 0.06 
Cr10, n.d 0.02 0.04 n.d n.d 0.11 0.05 0.17 O.Q7 0.10 
F<O 8 l·I 0.34 9.15 0 15 9.07 8.07 0.32 821 0.08 8.90 0.61 S.93 
!"iO 0,36 0. 11 0 3 1 021 0.39 039 0. 12 036 024 0, 16 0.21 0.53 
Tola I 100.0 100.0 100.0 100.0 2 66 100.0 1.34 100.0 0.00 100.0 
mg# 91 .6 90.6 90.7 917 916 90.9 90.8 
n.o.a ;- number of analysis. n.d. = not detected 
•olivine :in~lysis is from the lhcrzoli1c mix but this is found to be idcntiQI 10 layers in new, more iron rich mixes 
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T :1bl c 5 Composition (wt%) oforthopyroxcnc in layers normalized to 100%. 
Al-rich op• (E2~S4) ond <r" (U2SS4) (Z) Al-pour up> (DTPI ) nnd cpx (D2501 ) (.I) 
lherLolik mi1 llZI JIZI llZI llZI 
somnlc PT 1'3 40 1150• PJ 2S 1000· P64011SO P7 25 1000 
n.0.:.11. 6 3 6 4 
\\1!• stdC\1 ,,,,.~ stdc\' \\1~~ •tdcv \\1~· stdc,· 
Nu:O 003 031 0 04 008 012 003 0.00 007 
M~O 34 4 015 33 3 032 34 8 OZQ 34 7 047 
A1,01 1.44 0.25 2 78 on I 58 0 15 2 52 0.19 
Si02 573 0.07 560 ow 57 4 0 S2 56 s 0.42 
J<,O 0.00 0 I I om 007 003 005 0.02 0.06 
CaO 0.99 0.09 0 85 006 0.89 006 0.72 0 .06 
TiO: 0.07 0.11 007 006 0 II 007 0.04 o.os 
Cr,O, 033 016 06S 0 13 0·18 0 15 083 006 
~-.o 5.40 0 10 6 15 0 33 4.55 0 18 4.69 0. 14 
NiO 002 000 0 15 004 000 006 nd 
To1ol 1000 1000 1000 1000 
Son Corlos olMnc •nd Al-poor opx (DTPl}-l•ycrtd (~) 
lhtrzolitc mi:f llZ 1+5,.t'Y.phlg llZl+Swt%phlg llZl +S\\t% 11hlg JIZIHwt%phlg 117. l+S\\t•!.11hlg 
.. mnlc PT 1'8401150 P9 2S 1000 PI O 2S 1000 Pl 1 40 1100 1'12 40 1100 
n.u.:11. 5 4 7 :: 4 
\\1% SldC\I \\1!'. stdcv \\1~. ~tdt\ \\1~~ stdcv \1.1!~ sldcv 
Na,O oos oos nd nd 006 002 0 11 009 
Mi:O 34.7 0.34 349 0.39 35.3 046 35 2 0.22 H9 019 
AliOi 1.54 0.21 2 35 0 37 2 35 0 11 1.27 0 26 1.·IS 0.16 
Si OZ 57 4 061 56 8 051 56 4 121 57 8 0 31 57 ·I 018 
K10 0.02 00;1 nd 0.03 OOQ 0.02 0.04 nd 
CuO 0.87 006 061 005 0 57 006 0.73 0.05 070 O()<> 
1i01 004 009 00! 0 OS n<l 0.02 001 0.04 007 
Cr,O, 047 0 17 0 78 014 079 0 12 048 019 061 O()<) 
FtO 472 028 441 0 23 4 44 025 4 35 040 466 005 
s;o 013 0 15 008 015 011 014 O.OJ 012 0 09 016 
Tol•I 1000 1000 1000 1000 100 0 
no a number of :m:\1)'$1~. n d • not dcicctcJ 
• there ate rd1cts or mort: At-rich and'or more Ca·nch on.g1rol 01>x cores 
JIZI 
P30 25 tOOOdrv 
6 
w1% stdtv 
n.d 
35.2 0.21 
2.31 0.21 
56.S 0.52 
0.01 0.04 
0.6 1 O.o7 
o.os 0.06 
0.81 011 
4 St 025 
0.10 0. 11 
100.0 
llZl+Swt%phlg 
P3:? 40 1 I 7Sdrv 
3 
wt% stdcv 
016 0.09 
34.0 0.11 
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Table 6 Composition (wt%) of clinopyroxene in layers normalized to I 00 wt%. 
Al-r ich opx (E2554) and cpx (D2554) (2) Al-poor opx (DTPl) and cpx (D2501) (3) 
lherzolitc mix HZl HZl HZl HZl 
samplc_P _T P3 40 1150* P4 25 1000* P6401150 P7 25 1000 
n.o.a. 7 3 6 6 
wt% stdev wt% stdev wt% stdev wt% stdev 
Na20 0.60 0.07 0.72 0.22 1.35 0.08 1.25 0.44 
MgO 18.5 0.60 17.0 0.57 17.9 0.39 16.6 0.56 
Al20 3 1.97 0.32 3.66 0.53 2.49 0.11 2.83 0.56 
Si0 2 54.5 0.46 53.0 0.64 54.7 0.96 54.4 0.48 
K20 n.d. 0.02 0.04 n.d. n.d. 
Cao 21.1 0.59 21.6 0.14 19.9 0.39 21.5 0.22 
Ti0 2 0.15 0.13 0.38 0.09 0.17 0.08 0.21 0.06 
Cr20 3 0.57 0.11 0.85 0.17 1.42 0.16 1.47 0.26 
FeO 2.59 0.17 2.57 0.29 1.97 0.21 1.77 0.24 
NiO 0.06 0.12 0.13 0.25 0.00 0.08 n.d. 
Total 100.0 100.0 100.0 100.0 
n.o.a. = number of analysis, n.d. = not detected 
*there is garnet exsolution and relicts of Al-rich original cpx (Al 20 3 - 5wt%) 
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I. Ko\':.ics Chapter-' t: xpcr imcnts in chcmicall)' complex sys1cms 
inhomogeneous composition in layers at 40 kbar, as Ab03-rich relicts remained 
(Ab0 3>2wt%) after the original opx (2.85 wt%), but the newly crystallized opx had an 
A'203 content around 1.27-1.54 wt% (Table 5). At 25 kbar opx composition was 
homogenous and close to the original opx (with A'203 of2.35 wt%). 
The ol and opx in the 'dry' experiments closely resemble their counterparts in 
the San Carlos ol and Al-poor opx (DTP I )-layered experiments (4) (Ta ble 4 and 5). 
The phase relations are also similar in the 'dry ' experiments (P30 and P32, Table 2), as 
unexpectedly, besides the NAMs, pargasite is stable at 25 kbar in the HZ! composition 
(P30), as is phlogopite at 40 kbar in the HZI + 5wt% phlogopite composition (P32). 
Fluid, however, is absent in both experiments. The chemistry of ol and opx in the 'dry ' 
experiments closely resembles their water saturated counterparts (T able 4 and 5). 
4.3.2. Infrared spectroscopy 
4.3.2.J. Qualitative results 
Unpolarized infrared spectra were col lected from randomly oriented grains of 
'sensor' crystals, to produce an average unpolarized infrared spectrum for each mineral. 
Experiments with discs of San Carlos ol (060, 061) display a very broad peak around 
3450 cm-1, with some smaller structurally bound water peaks being superimposed 
(Figure 4). In these sections, planes of fluid inclusions were observed on polished 
surfaces. The broad band in the spectra correlates with a visually observed intersection 
with fluid inclusions. In the other experiments, where layers of San Carlos ol were used 
(I), the background was smooth, the structurally bound water s ignal was strong and the 
broad feature around 3450 cm-I.appeared only occasionally (Figure 4). The same 
absorption peaks were present (3612, 3598, 3587, 3568, 3546, 3526, 3480, 3354 and 
3329) at 25 and 40 kbar in San Carlos ol. These peaks are different from the absorption 
characteristics of the original San Carlos ol, which has only two major absorption peaks 
at 3572 and 3525 cm-1 [Ti](Figure 3). These latter two represent the major peaks in the 
experiments, although, contribution of 3612 cm-1 becomes more s ignificant at 40 kbar 
(Figure 3, Table 7). There is also a small shoulder on the 3568 cm-1 peak at 3574 cm-1 
in experiments at 40 kbar (Figure 4). Besides the [Ti] and [Si] peaks, there are also 
[trivalent] peaks at 3354 and 3329 cm-1 who's relative propo11ion becomes greater 
above the solidus at 40 kbar and 1225 °C (098, Table 7). In this experiment (098) the 
run product is known to be relatively more oxidized on the basis of the experimental 
procedure (Au/Pd double capsule with external 'buffer' mix) and observation of the 
mineral compositions in the lherzolite layer. 
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I. Kovacs Chapter-' Experiments in chemically complex systems 
Experiments with cpx and opx layers (2,3) show uniform absorption 
characteristics regardless the original Ah03-content of pyroxenes as well as the P-T 
conditions of the experiments. Opx in layers has three major, broad peaks at 3600, 3530 
and 3420 cm·1, however, it seems that each of these peaks sometimes splits into two 
weak symmetrical peaks at the flanks (Figure 4). The absorption characteristics of both 
original Al-rich (E2554) and Al-poor (OTP I) opx are different, as the Al-poor opx has 
only one major peak at 3600 cm·' and a smaller broad one at 3420 cm·1, whereas, the 
Al-rich opx has three major absorption peaks at 3567, 3530 and 3420 cm·1 (Figure 3). 
Cpx in the layers has two broad peaks at 3640 and 3450 cm·1 and a smaller one 
at 3360 cm·' (Figure 4). These differ from the original cpx both in the position and 
contribution of the absorption peaks. The original Al-rich cpx (02554) has main peaks 
at 3567, 3525 and 3450 cm·' and smaller peaks at 3600 and above 3587 cm·• (Figure 3), 
whereas Al-poor cpx (0250 l) has only two broad peaks at 3530 and 3450 cm·' with 
smaller ones above 3600 cm·1 (Figure 3). 
San Carlos ol and Al-poor opx layers (4) also show similar absorption 
characteristics, with on ly moderate variation with pressure for ol. The ol has the 
following peaks 36 12, 3598, 3572, 3542, 3525, 3480, 3354, 3329 and 3612, 3598, 3568, 
3546, 3525, 3480, 3355, 3329 cm·1 at 40 and 25 kbar respectively (Figure 4). The most 
noticeable difference is an increasing contribution of the 3612 cm·1 peak with pressure, 
and the slight shift in the position of the peak at 3572 to 3568 cm·1 with a shoulder 
appearing at around the original position at lower pressures (Table 7, Figure 4). The 
opx has three major broad peaks at 3600, 3530 and 3410 cm·1 (Figure 4). The 
absorption characteristic of both ol and opx are very similar to the other experiments 
with a different arrangement of the sensor layers (1, 3) (Figure 4). 
In the nominally 'dry' experiments (P30, P32), the same water-related 
absorption peaks were identified in ol and opx as in the experiments with low water 
contents (Figure 4). The arrangement of the layers in these two experiments is identical 
to the San Carlos and Al-poor opx layered experiments (4) in HZ I and HZ I+ 5 wt% 
'dry' phlogopite component respectively. 
The fine grained fertile lherzolite mix was also analyzed by FTIR to determine 
whether I can detect the presence or absence of hydrous phases (pargasite and 
phlogopite). This is not an easy task as the modal proportion of hydrous phases in the 
fertile lherzolite layer is only a couple of%, requiring an effective 'bulk' technique, 
which may be the FTIR. This is because pargasite and phlogopite have strong, 
overlapping absorption peaks above 3650 cm·1, and therefore can be distinguished from 
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Average unpolarized infrared spectra for the fertile lherzolite matrix 
at different pressures and temperatures 
ph logopite+ 
pa rgasite. P l 0 
120 
(4) I 000 °C. 25 kbar. 0.1 45 wt% J 00 
(4) 1175 °C. 40 kbar. 'dry' l 
80 
(4) 1100 °C. 40 kbar, 1.45 wt% 
---r--!1---~J a 
(4) 1000 °C. 25 kbar. ·dry · t ~ 
no hydrous phase, 0 79 
60 .B 
( I ) I 000 °C. 25 kbar. 1.45 wt% l5 
V) 
(2) 11 50 °C, 40 kbar, 1.45 wt% 
(I) I 025 "C, 25 kbar, 1.45 \·Vt% 
40 
.c 
~ 
I 20 
no hydrous phase, 080 I i..:..:..:::....:.::...:::.:...:..:.:..::.~.:.:.::...:.:......::....:....::...-----:(-;;/ J:-:11 00 °C, 40 kbar, 1 .4 5 wt% 
3800 3750 3700 3650 3600 
wavenumber (c1u-1) 
3550 
0 
3500 
Figure 5 In frared spectra for che fertile lherzolite matrix. Solid lines indicate 
major peaks for pargasite and phlogopite. where these phases are stable. 
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both structurally bound water in NAMs and water vapor (Figure 5). The absorbance 
peaks in pargasite and phlogopite are also different, meaning not only the presence of 
hydrous phases but also their identity can be revealed. This is because the pargasite has 
major peaks at lower wavenumbers (37 15-3650 cm-1) with similar strength (Della 
Ventura et al., 2003; 2007); whereas ph logopite has fewer, but more pronounced peaks 
at higher wavenumbers (3725-3670 cm-1)(Chaussid, 1970; Wunder and Melzer, 2002). 
In the experiments (i.e., 080, 079, P3, P6, P8) where hydrous phases are not present, 
there is no indication of any of these peaks, and only water vapor occurs as a bunch of 
seemingly random peaks just above the limit of detection (Figure 5). Pargasite is the 
only stable hydrous phase in the lherzolite matrix of some experiments (i.e., 085, P30 
Figure 5) and has two major peaks at 3711 and 3673 cm·1 with two smaller ones at 3689 
and 3450 cm·1• In contrast, where phlogopite is the stable hydrous phase (i.e., Pl I, P32 
Figure 5) it exhibits three major peaks at 3722, 37 17 and 3712 cm·1• There are some 
instances when both hydrous minerals are stable (i.e., PI 0, Figure 5) and the . 
absorbance characteristics are a combination of both pargasite and phlogopite. The 
pargasite was fi rst identified by FTIR in the ' dry ' experiment at 25 kbar, which was 
then confirmed by repeated SEM imaging and microanalysis. The presence of 
phlogopite was also confirmed by both techniques in the ' dry' experiment at 40 kbar 
and 1175 °C (P32, Table 2). 
4.3.2.2. Quantitative results 
Average, unpolarized infrared spectra of mineral layers from each experiment 
are used for quantification, applying the unpo larized infrared method combined with the 
substitution mechanism specific (see Chapter 2.3), mineral specific (Bell et al., 1995, 
2003, 2004) and wavenumber dependant (Libowitzky and Rossman, 1997) calibration 
factors, to relate total absorbances to absolute water concentrations. The absorbance 
characteristic of minerals in the layers is always within the application field of our 
unpolarized method, thus, correction is not necessary. In the discussion I use the 
cal ibration factors of Bell et al. (1995, 2003) for NAMs as these are most commonly 
applied in the literature and provide a sound comparison with other studies. In the 
experiments with San Carlos olivine layers (1) water concentration is uniform at 25 kbar 
if the same lherzolite mix is applied (HZ I or HZ2), regardless of whether the system is 
above or below the solidus (Table 7, Figure 6). The effect of the initial water 
concentrations could not be studied in this series of experiments at 25 kbar as I lacked 
two experiments with different initial water concentrations but with otherwise identical 
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I. Kovacs Chapter -' Experiments in chemically complex systems 
conditions where this effect may have occurred (Table 2 and Table 8). The only 
systematic variation is that ol tends to have more water in experiments with the more 
iron-rich HZ I mix (4 1-452 ppm as opposed to 25-37ppm in HZ2, Table 8). The 
contribution of the trivalent peaks, however, remains the same, irrespective of wh ich 
lherzolite mix is used for the experiment (Table 7). The water concentrations at 40 kbar 
are generally higher than those at 25 kbar (41-102 ppm). The ol above the solidus (40 
kbar, 1225 °C, 098) has much less water (30 ppm). This is also the most oxidized 
experiment (Figure 6). The initial water concentration appears to play a role at 40 kbar, 
as ol has I 02 (080) and 65 ppm (P92) of water for 1.45 and 0. 145 wt% initial water 
concentrations respectively (Table 8). 
In the experiments with double pyroxene layers (2, 3) Al-rich pyroxenes always 
have more water than their Al-poor counterparts and cpx has more water than the 
coexisting opx (Table 9, 10 and Figure 6). Significant effects due to pressure and 
temperature were only identi fied for the opx, where both Al-rich (£2554) and Al-poor 
(DTP I) opx have more water at lower pressures (25 kbar, Table 8 and Figure 6). 
01 in the experiments with San Carlos ol and Al-poor opx (DTP I) (4) has a 
lower concentration of water than its counterpart in San Carlos olivine-layered 
experiments (1) with the HZ I lherzolite mix (40-45 ppm at 40 kbar and 29-30 ppm at 25 
kbar, Table 8 and Figure 6). The difference being, the latter do not have an additional 
5 wt% of ' dry ' phlogopite component added to the lherzolite mix (i.e., phlogopite is 
present below the solidus at 25 and 40 kbar in the San Carlos ol and Al-poor opx 
(DTP I )-layered experiments (4) but not the San Carlos oliv ine-layered (1) 
experiments). The concentration of water in Al-poor opx in the experiments with San 
Carlos ol and Al-poor opx (DTPI) layers (4) (291 -317 ppm, Table 8), however, more 
closely resembles opx in the Al-poor pyroxene-layered experiments (3), though it is 
slightly higher than that at 40 kbar (260 ppm), and lower than that at 25 kbar (365 ppm) 
(Figure 6). The water concentrations in ol and opx layers of the San Carlos ol and Al-
poor opx (OTP I )-layered experiments (4) are independent of the initial water 
concentrations at otherwise identical conditions (either 1.45 or 0.145 wt%, Table 8). 
The experiment at 40 kbar and 11 50 °C (P8) above the solidus, has identical water 
concentration in both ol (40 ppm) and opx (311 ppm) to its counterpart be low the 
solidus at 1100 °C (P 11, 45 ppm and 3 17 ppm for ol and opx respectively; Table 8). 
2 Ifit is not otherwise indicated the concentrations were calculated using the mineral specific calibration 
of Bell et al. ( 1995, 2003) combined with the unpolarized infrared method set out in Chapter 2.1 . 
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1"ablr 8 Conccn1ration (ppm) of water in NAMs at different conditions in chemically complex. lhcriolitie sys1cms (data arc taken from Table 2. 7. 9 and 10) 
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Table 9 Infrared characteristics and parameters of orthopyroxcne in chemically complex. lhcrLolitic experiments. The absorbances arc given in integrated 
total abosrbance normalized lo I cm thickness 
sample thickness (11m)• Bell cl al. n.o.a. sum 
J>3 60(2) 10 5590 
P4 67(4) 10 7010 
1'6 53(3) 10 3856 
P7 37(4) to 5418 
PS 7-1(9) 10 4620 
P9 65(2) 10 4428 
PIO 70(3) 10 4322 
I'll 60(2) 10 -1702 
Pl2 67(4) 10 -1-138 
1'30 81(5) 10 3329 
1'32 72(5) 12 3923 
£ 2554 1-1-1(13) tu 5././ 
DTP/ /(,/() /) w N2 
• standard deviation 1s given in brackets 
• • for the <111anlilicalion the dcnisty of orthopyroxcnc 1s p=3200 g/L 
n.o.a. ~ number of unpolarized FTIR analysis 
( 1995) 
377 
472 
260 
365 
311 
298 
291 
317 
299 
22-1 
264 
11 11 
./9 
H ~O(ppm ) 
Libow1tzky nnd 
Rossman ( 1997)"• 
357 
447 
246 
346 
2QS 
282 
276 
300 
283 
212 
250 
conservative evaluation of' peaks {cm'1) 11:0 (ppm) 
3600 3530 3-120 Bell cl :11 Libowitzky and Slllll (1995) Rossman ( 1997) .. 
296 184 229 708 48 80 
443 197 167 sos 54 100 
346 33 1 137 8 14 55 96 
456 393 277 1126 76 129 
3n 273 280 925 62 104 
281 269 318 868 59 92 
272 234 267 774 52 8-1 
369 303 295 967 65 108 
35-1 277 308 939 63 103 
182 17-1 223 579 39 6 1 
297 177 206 680 46 78 
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Table 10 Infrared characteristics and parameters of clinopyroxcnc in chemically complex. lhcrzolitic cxpcrimcnts. The absorbanccs arc given in imcgratcd 
total nhosrbancc normalized to I cm thickness 
1120 (ppm) 
sample thickness (11m)• n.o.a. sum Bell ct al. ( 1995) 
1'3 60(2) 15 11275 1590 
1'4 67(4) 15 10151 1431 
1'6 53(3) 15 6453 9t0 
1'7 37(4) 15 6938 978 
D255.f 165(2) 10 2777 1175 
1)2501 191(20) 15 196 83 
• standard deviation is given in brackets 
.,. for the qu;mtilicution the clcuisty of clinopyroxcnc is p=3290 g/L 
n.o.a. = number of unpolarized FTIR analysis 
Libowitzky and 
Rossman ( 1997)• • 
670 
604 
384 
413 
conservative cvaluauon of peaks (cm'1) 1110(ppm) 
3640 3530 3450 3360 sum Libownzky and Bell ct al. ( 1995) Rossman ( 1997) .. 
1213 II 281 108 1612 227 233 
1446 54 301 35 1836 259 274 
1478 20 272 29 1799 254 :!73 
1599 106 206 16 1927 272 297 
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I. Kovacs Chapter-' Experiments in chemically complex systems 
The 'dry' experiments, which have similar San Carlos ol and Al-poor opx 
(DTP!) layers, returned similar or slightly lower concentrations of water. The ol in the 
'dry' experiment at 25 kbar with HZI composition (P30) has slightly less water (24 
ppm) than water saturated experiments with the same arrangement of layers in HZ! + 
5wt% 'dry' phlogopite mix (29-30 ppm, P9 and PI 0, Table 8), but considerably less 
than San Carlos ol layered experiments (I) with HZI mix (4 1 ppm, 085, Table 8). In 
contrast, at 40 kbar the ol in the 'dry ' experiment (P32) has identical water 
concentration ( 43 ppm) to its water saturated counterparts ( 40-45 ppm, P8, P 11 and P 12, 
Table 8). Opx in the 'dry ' experiments (P30 and P32) has slightly lower concentrations 
of water at both pressures: 224 ppm at 25 kbar and 264 ppm at 40 kbar as opposed to 
291-298 ppm and 299-317 ppm respectively in the water saturated experiments (P8-
PI2, Table 8). 
4.4. Discussion 
4.4.1. Attainment of equilibrium 
Both the chemical and infrared data indicate that equil ibrium was approached in 
experiments, as ' sensor' crystals changed their original characteristics (Table 3-6 and 
Figure 3). The composition of San Carlos ol layers increased mg# to 92-93 from the 
original 90 when interlayered with the MgO-rich HZ2 mix but was unchanged when 
interlayered with the HZ I mix with higher FeO and less MgO (Table 4). The 
absorption characteristics of San Carlos ol also changed as [trivalent] (3354 and 3329 
cm-1) and [Si] (3612 and 3598 cm-1) peaks appeared in addition to the original [Ti] 
peaks (3525 and 3572 cm-1) (Figure 3). Pyroxenes changed their chemical composition 
as well, as garnet was precipitated from the Al-rich pyroxene layers and their Ah03 
concentration decreased to approach equilibrium with the fertile lherzolite mix (Table 5 
and 6). Complete compositional equilibrium for Al-rich pyroxenes, however, was not 
achieved because Ah03 rich, relict pyroxenes were identified in the layers. 
Experiments with initially Al-poor pyroxenes did not show a significant change in their 
chemical composition and garnet exsolution as well as the presence of relict Ah03 -rich 
cores were rare (garnet exsolved at 40 kbar). Less significant inhomogeneity in Ah03, 
Cr20 3, CaO and Na20, nevertheless, was observed. The infrared absorption 
characteristics of pyroxenes, however, showed greater variation than their chemistry 
with respect to the original pyroxenes, as both the position and contribution of the 
original peaks changed during the experiments (Figure 3). This may indicate that 
205 
I. Ko\'acs Cha pier .t Expcrimcnls in chemically complex systems 
equil ibrium for water defects in pyroxenes was closely approached. Olivine displays 
virtually the same chemistry and absorption characteristics at otherwise identical 
conditions, regardless of the experimental setup in the fertile peridotite mix 
(J,4)(Figure 4, T able 4 and Table 8). Likewise, pyroxenes have very similar features 
at otherwise identical cond itions irrespective of whether the starting pyroxenes were Al-
rich or Al-poor. All of this indicates that near equilibrium conditions were approached 
in the experiments with no evidence that the hydrogen defects are inherited from the 
original 'sensor' crystals (Figure 3). Rather, new defect types formed wh ile the 
original ones disappeared under the new physico-chemical conditions. 
4.4.2. Mechanisms of water incor poration in NAMs 
The [Si] (36 12, 3598, 3542, 3480), [Ti] (3572, 3525) and [trivalent] defects 
(3354, 3329) observed in olivine layers are in agreement with previous studies on 
natural rocks (Grant et al., 2007a; Matsyuk and Langer, 2004; Peslier and Luhr, 2006) 
and experiments (Berry et al., 2005; Berry et al., 2007). The presence of [trivalent] 
peaks is thought to be anomalous in mantle derived rocks and is often attributed to 
secondary alterations such as oxidation (Berry et a l., 2005; lngrin and Skogby, 2000). 
This argument, however, seems to be unreasonable here as the f02 is identical to mantle 
values during the experiments in Ag and Au capsules (I to 2 log units below FMQ). 
There is only one experiment with slightly higher ·f02 (098, 1225 °C and 40 kbar in 
Au/Pd double capsu le with 'buffer' mix) where the contribution of the [trivalent] peaks 
is, indeed, more significant, reflecting the more ox idizing environment (Table 7). This 
suggests the Fe3+ can be mon itored by FTI R and as such it may have the potential to be 
an important tool in constraining the oxidation state of the mantle. 
There is also a shift with increasing pressure in the position of the peak at 3567 
cm·' with a shoulder around 3573 cm·1 at 25 kbar in ol, to 3572 cm·' at 40 kbar (Figure 
4). The former is a [Si] peak and the latter a [Ti] peak, the transition of which may 
indicate the increasing stabi lity of T i-clinohumite point defects with pressure (Berry et 
al., 2007; Grant et a l., 2007a; Hermann et al., 2005). There is also indication that the 
absorbance of 3612 cm·' relative to other [Si] and [Ti] peaks, also increases with 
pressure (Ta ble 7 and Figu re 4). This change may be of particular interest to the 
diamond industry as being indicative of the high pressure origin of ol. 
The three major absorption peaks in opx (3600, 3530 and 3420 cm· ' , F igure 4) 
are very s imilar to opx from kimberl ites (Bell et a l., 1995; Rossman, 1996) and also to 
opx in mantle peridotites (Grant et al., 2007a; Peslier et a l., 2002). Rauch and Keppler 
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(2002) and Stalder (2004) observed simi lar peaks in Al-doped enstatite in chemically 
simple systems. 
Absorption characteristics of cpx layers in these experiments closely resemble 
natural, mantle derived and experimentally synthesized diopsidic cpx (Andrut et al., 
2003; Aubaud et al., 2007; Bell et al., 2004; Bromiley et a l., 2004; Grant et al., 2007a; 
lngrin et al., 1995; Peslier et al., 2002; Skogby, 1994). 
The similar absorption characteristics to mantle derived rocks indicate that 
hydrogen defects in NAMs can be successfu lly reproduced in chemically complex 
experiments. More importantly, this is the first time that the major hydrogen defects in 
coexisting ol and pyroxenes have been reproduced and studied by FTIR in chemically 
complex, lherzolitic compositions. It is thus possible for the first time to match the 
water contents and hydrogen defects in NAMs with the mineralogy (particularly the 
presence of hydrous phases) and melting relations of natural lherzolite compositions. 
This comparison also includes the important role of Ti (in solid solution) in mantle 
minerals in control ling hydrogen defects in ol (Berry et al., 2005; Grant et al., 2007a; 
Hermann et al., 2005). 
4.4.3. Quantitative aspects 
The quantitative results demonstrate relative changes in hydrogen defects with 
pressure, temperature, chemical composition (HZ I, HZ2, Al-poor, Al-rich pyroxenes), 
oxidation state and the presence or absence of hydrous phases, silicate melt or aqueous 
fluid. The absolute water concentration remains difficu lt to determi ne accurately. 
Determination of hydrogen concentration is entirely dependant on the choice of 
particular calibration factors and, therefore, the absolute concentrations should be 
considered with caution. Here I use the mineral specific calibration of ' Bell' for NAMs 
in order to allow comparison with previous studies, with a further discussion on the way 
in which different calibrations estimate water concentration for ol included in a 
following section. In addition, the background subtraction can introduce non-systematic 
errors, especially for pyroxenes, where there are often broad, over lapping peaks. It is 
for this reason that absolute concentration in pyroxenes has been determined by 
applying a more general and conservative approach to the background subtraction. The 
two different backgrounds for the experiments are depicted in Figure 4. In previous 
works, there has been a tendency to adopt the more general approach so I will be 
referring to this method in the discussion (i.e., Bell et al., 1995; Peslier et a l., 2002). 
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-1.4.3.1. The effect o.f pressure and temperature 
Olivine always has more water at 40 kbar than at 25 kbar, at otherwise identical 
conditions (Figure 6). In the San Carlos-layered experiments (1) at 40 kbar and 1100 
°C (080, Table 8) the ol has more than twice as much water (1 02 ppm) than at 25 kbar 
and 1000 °C (41 ppm, 085, Table 8). A similar trend was identified in the San Carlos-
and Al-poor opx-layered experiments (4) , where ol at 40 kbar returned consistently 
higher water concentrations. The pressure effect for this latter case is not as strong as 
that seen in the San Carlos-layered experiments (1) , but is still beyond the experimental 
uncertainty (Table 8 and Figure 6). Note that there was a difference in T, with 1000 
and 1100°C at 25 and 40 kbar respectively, making the direct realization of the pressure 
effect difficult. The increasing solubility of water with pressure in ol, however, is 
consistent with other experimental works and studies on natural rocks (i.e., Bali et al., 
2008; Grant et al., 2007a; Kohlstedt et al., 1996; Kurosawa et al., 1997). 
The temperature effect on hydrogen incorporation could not be adequately 
addressed as the temperature range at each pressure is too small (i.e., 1100-1225 °C for 
40 kbar and 1000-1050 °C for 25 kbar). There is on ly one pair of experiments (080 and 
081, Table 8) in the San Carlos-layered experiments (1) (at 40 kbar and 1100 and 1200 
°C) that indicate a decreasing solub ility of water in ol with increasing temperature. This 
may be an indication that the inverse temperature effect observed for ol in C hapter 3 is 
genuinely representative and also present in chemically complex systems, though more 
work is needed for this to be confirmed. As fluid is present in both experiments (080 
and 081, both with 1.45 wt% l-120 in the charge, Ta ble 8) it is possible that the activity 
of H20 decreases with increasing temperature at constant pressure, consistent with 
higher solubility of other components (i.e., Si02, Na20 , CaO) in the fluid. This 
observation is in agreement with Bali et al. (2008), Mibe et al. (2002) and Stalder et al. 
(2001 ), who also suggest that water activity of the fluid decreases as silicates continue 
dissolving into the water with increasing temperature. 
The effect of pressure and temperature is less profound in pyroxenes. Both Al-
rich (02554) and Al-poor (02501) cpx have - 1500 and -900 ppm water at 40 and 25 
kbar, respectively, in the pyroxene-layered experiments (2, 3). In contrast, both Al-rich 
and Al-poor orthopyroxenes (E2554 and DTP I, Table 8) contained more water, with 
values of 472 and 365 ppm at 25 kbar respectively, as opposed to 377 and 260 ppm at 
40 kbar (Figure 6). This pressure effect is due to better solubility of A'203 in opx at 
lower pressures (Harley and Green, 1982) as opx has 2-52-2.78 wt% Al20 3 at 25 kbar 
and 1.44-1.58 wt% Al203 at 40 kbar. This relates to the fact that aluminum is known to 
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enhance water solubility m pyroxenes (see Chapter 3 and Stalder, 2004). Al-poor 
orthopyroxene in the San Carlos ol and Al-poor opx (DTPl)-layered experiments (4), 
however, does not show noticeable variation in water concentration with pressure 
(beyond the ana lytical uncertainty 29 1-317 ppm, Table 8) even if the Ab03 
concentrations are different at both pressures (Table 5). 
4.4.3.2. The effect of melting, initial water concentration and hy drous phases 
Studies were carried out to determine whether melting has an impact on water 
solubility in NAMs of the San Carlos-layered experiments (I) . The solubil ity of water 
in ol decreases at 40 kbar when the melting begins. This may arise because the activity 
of water is thought to be smaller in melts than in fluids. The change in activity of water 
at the solidus, however, may not be as great as anticipated, and may show a gradual 
decrease during melting. It is worth noting that conditions during this experiment, were 
also the most oxidizing (Au/Pd capsule), and therefore, the decreased water solubility . 
may be due to a higher oxidation state rather than the beginning or melting. This 
interpretation seems to be consistent w ith the considerably higher contribution of 
[trivalent] peaks to the total absorbance, but inconsistent with Bai and Kohlstedt (1993) 
Grant et al. (2007b) who found increasing solubility of water in ol with oxidation state 
(Table 7). The solubility of water in ol, however, does not change at 25 kbar when 
melting begins, which may indicate either that pressure can enhance the effect of 
melting or that the effect seen at 40 kbar is only due to the difference in oxidation state. 
This latter explanation may be supported by two other experiments at 40 kbar (in the 
San Carlos ol and Al-poor opx (DTPI )-layered (4) arrangement), where the experiment 
carried out above the solidus (P8, I 150 °C, Table 8) has virtually the same water 
concentration (40 ppm) as its subsolidus counterpart (45 ppm, Pl I, 11 00 °C, Table 8). 
The water solubility in ol from the San Carlos ol-layered experiments (I) at 40 
kbar is I 02 ppm when the initial water concentration is 1.45 wt %, but only 65 ppm 
when 0.145 wt% (080 and 092, respectively, Table 8). This occurs because the 
presence of any other volatile species can decrease the activity of water in the fluid, plus 
with lower added water in the experiments, the relative proportion of entrapped air and 
carbon entering the fluid is enhanced. In contrast, in San Carlos ol and Al-poor opx 
(DTPl)-layered experiments (4) (P8-Pl2, Table 8), where there is an additional 5 wt% 
of 'dry' phlogopite component in the lherzolite mix, the initial water concentration does 
not have an effect on the water so lubility in NAMs within experimental error. In the 
companion study (Green et al., 2008) on the phase relations and phase compositions in 
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the lherzolite layer, comparison of clinopyroxenes in each of the pairs with 1.45 and 
0.145 wt% H20 [080, 092; P9, PIO; Pl I, P12], shows the Na20 content of 
clinopyroxene varies inversely to the added H20 content [I. I, 1.8; 0.9, 1.2; 1.0, 1.3 
wt%, respectively]. Since cpx and fluid are the main Na20-bearing phases, the results 
indicate a significantly higher concentration of Na20 (and thus a lower activity of HiO) 
in the tlu id where 0.145 wt% H20 is added, compared with those in which 1.45 wt% 
H20 is added. The concentration of water in ol at both pressures is smaller (29-30 and 
40-45 ppm for 25 and 40 kbar respectively, Table 8) than for the San Carlos ol-layered 
experiments (1) in the HZ I lherzolite mix ( 41-45 and 65-102 ppm for 25 and 40 kbar, 
respectively, Table 8) without the additional 'dry' ph logopite component. This 
suggests that additional K20 in the phlogopite component may also implies higher KiO 
content in the coexisting fluid. l suggest that K20 lowers the water activity in the 
coexisting aqueous tluid phase, resulting in the lower solubility of water in NA Ms. The 
Al-poor opx (DTP I), nevertheless, has similar concentrations irrespective of whether 
lherzolite HZI or HZI + 5 wt% phlogopite component is present (Table 8). 
The presence or absence of hydrous phases (i.e., pargasite and phlogopite) does 
not appear to have a direct effect on the water solubil ity in NAMs but becomes 
influential only in conjunction with melting and bulk rock chemistry. Hydrous phases 
break down if melting begins and their stabil ity (at sub-solidus conditions) requires a 
minimum content of alkalis, even if the amount of water necessary to stabil ize hydrous 
phases is present. Jn the studied experimental suite there is no indication that the 
presence or absence of hydrous phases influences the concentration of water in the 
coexisting NAMs. Conversely, at the water contents for olivine and orthopyroxene 
indicated by the experiments, either hydrous phases (pargasite or phlogopite) are stable 
or partial melting occurs, provided the lherzolite is a ' fertile ' composition (i.e., of 
chemical composition capable of yielding a basaltic melt). The absence of hydrous 
phases in the lherzolite mix of the pyroxene layered experiments (2,3) [where they 
should be otherwise present within the given P-T conditions and as shown by the San 
Carlos ol layered experiments (1) , Table 2), indicates that clinopyroxene takes up the 
alkalis that would be necessary for stabilization of hydrous phases. This is evident in 
the ' before' and 'after' analyses of the clinopyroxene layers (2,3) , particularly for Al-
rich cpx, that has 0.36 before and 0.6-0.72 wt% Na20 after the experiments (Table 3 
and Table 6). The absence of hydrous phases in the HZI lherzolite mix of the 
pyroxene-layered experiments, however, does not change the solubility of water in opx 
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with respect to San Carlos ol and Al-poor opx (DTPl)-layered experiments (4) (Table 
8). 
In discussion of melting relations, pargasite and phlogopite stab ility are 
functions of both water content (activity) and contents of Na, K and Ti , but in 
fertile/enriched or even refractory/depleted lherzolite compositions, these minerals are 
stabilized and act as mantle ' reservoirs' for water with bulk water contents of I 00-250 
ppm (see below). Melting behavior of the upper mantle is determined by the fluid-
saturated lherzolite solidus at P>30 kbar and the pargasite dehydration-melting sol idus 
at P<30 kbar, for any region in which water content9-l 00-250 ppm. 
4.4.3.3. The effect of chemistty 
San Carlos ol layers in the HZ I lherzolite mix (1) have considerably more water 
than their counterparts in the more rnagnesian HZ2 mix (Table 8). The HZI has more 
FeO and Jess MgO with respect to HZ2 (Table 4), therefore, the original San Carlos ol 
is closer to equilibrium with HZ I mix as its mg# (90) remains the same during the 
experiments. In contrast, ol in the HZ2 mix exchanges MgO and FeO to approach 
equi librium between the lherzol ite mix and the olivine and orthopyroxene of the layers. 
However, ol in the HZ I composition has a higher mg# at 40 kbar than at 25 kbar, which 
seems to correlate positively with water concentration in the ol but is in conflict with the 
effect attributed to mg# seen when comparing HZ I and HZ2. There may be a 
competitive process which produces silica vacancies in more MgO-rich ol and can 
faci litate the incorporation of water. This is supported by the observation that 
contribution of [Si] to total absorbance is, indeed, higher at 40 kbar at otherwise 
identical conditions (Table 7). In the San Carlos ol and Al-poor opx (DTP! )-layered 
experiments (4) with HZI lherzolite + 5wt% phlogopite, the mg# and water 
concentration of ol shows the same systematic behavior but with lower concentration 
levels (Table 8). The lower concentration levels of water in ol with respect to San 
Carlos-ol-layered experiments (I) are attributed to the added 'dry· phlogopite 
component, with dissolved K20 in the fluid phase lowering water activity. 
In the pyroxene layered experiments (2, 3) Al-rich pyroxenes had more water 
than their Al-poor counterparts, even if their post-experiment chemistry was similar, 
especially in terms of Ah03-content. The higher water concentration may be due to 
relict Ah03-rich pyroxenes, as A'203 and other trivalent cations (Cr3+, Fe3+) are known 
to greatly enhance water solubility in opx (Stalder, 2004; Stalder et al., 2005), therefore, 
these data shou ld be regarded as anomalous. The Cr20 3-content in opx doesn ' t appear 
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to play a role as it has similar concentrations in both Al-rich and Al-poor pyroxenes. 
The Al-rich pyroxenes, however, contain more FeO which can also enhance water 
solubility in pyroxenes, especially if the conditions are more oxid izing. The higher 
water concentration in cpx may also be explained by the presence of Al-rich relicts 
(Peslier et al., 2002). I consider the water concentrations in Al-poor pyroxenes to be 
closer to equilibrium with the lherzolite mix than those in the Al-rich pyroxenes, as 
there are no relicts capable of corrupting the results. The concentration of water in the 
opx of the San Carlos ol and Al-poor opx (DTP I )-layered experiments (4) is similar to 
their counterparts in the A I-poor pyroxene layered experiments (3) (Table 8). The opx 
at 25 kbar in the Al-poor pyroxene-layered experiments (P7 in Table 8) has a slightly 
higher water concentration (365 ppm) which may be due to the slightly more Al20 3-rich 
nature of this opx (2.52 wt%)(Table 5). 
4.4.3.4. Partitioning of water among NAMs 
Experiments with Al-poor pyroxene layers (3) , San Carlos ol and Al-poor opx 
(DTP I) layers (4) allow me to study partitioning of water between different NAMs. 
The partitioning coefficient between opx and cpx ( n;r;//"x ) in P6 and P7 experiments 
(with Al-poor pyroxene layers (3) , Table 8) is 3.5 and 2.7 at 40 and 25 kbar 
respectively. The partitioning between ol and opx ( o;~J0') in P8-P 12 experiments (San 
Carlos ol and Al-poor pyroxene (DTPI) layers (4) , Table 8), is 9.6-10.2 and 7-7.8 at 25 
and 40 kbar respectively. Pressure does not have a great effect on partitioning of water 
between pyroxenes but plays a more important role in the partitioning between o l and 
pyroxenes, due to the increasing solubility of water in o l with pressure. The partitioning 
coefficients found at 25 kbar are within the range of values (9.2-20 and 1-5.3 for 0:~~~ 01 
and o;~~op.r respectively; Table 11) determined in previous studies, from experiments 
and natural mantle peridotites, at similar conditions (Aubaud et al., 2004; Grant et al., 
2007a; Hauri et al., 2006; Peslier et al., 2002; Pes lier and Luhr, 2006). 
4.4.3.5. Concentration levels and 'effective' storage capacity of lherzolitic 
mantle 
The concentration of water in NAMs from our experiments, based on mineral 
specific calibrations of Bell et al. ( 1995, 2003, 2004), closely resemble other natural 
rocks and experiments in which there are 0-130 ppm, 39-1840 ppm and 140-2000 ppm 
for ol, opx and cpx, respectively (Aubaud et al., 2004; Grant et a l., 2007a; Hauri et al., 
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Table 11 Estimate for the bulk water capacity oflherzolitic upper mantle based on San Carlos ol and Al-poor opx (DTPl)-layered experiments (4) at 25 and 
40 kbar and comparison with other studies 
reference this thesis Grant ct al. (2007a) Pesher and Luhr (2006) Pcslier ct al. (2002) 
svstcm ex1>crime11ts mantle xcnoliths mantle xcnoliths 
pressure (kbar) 40 25 11.2 - 74 7- 22 
tcmocrm11rc (°C) 1100 1000 9 16 - 1518 923 - 1119 
analytical method FTIR FTIR FTIR FTIR 
cal ibrnt1on 1 B LR r• B LR T• B B 
vivo/ . .. min max min max 
1120 ppm in ol 42 22 66 30 14 4-1 3 53 0 7 
H20 ppm mopx 309 293 309 295 279 295 169 ~01 39 265 
1120 ppm 1n cpx 910 384 9 10 978 413 978 342 413 140 528 
o up\/01 • • • 7.3 13.4 I 4.7 9.9 I 19.3 I 6.7 II 20 0 cp(.'op' ••• 2.9 1.3 2.9 3.3 1.5 3.3 2 2 
lbulk lhcrzolitc: 180 110 I 197 175 I 105 I 185 68 117 21 108 
• cp'! and Op'< concen1r.:uions lrc 1hc s.:imc: as for 1hc: Bc:ll ct :.I ( 199SJ c:ilibr:uion 3$ calibr~'llion fae:1ors for pyro~cncs h:ive not hecn developed in this 1hcsis 
•• modal compo$ilion of ga1'1.·1 lhcnoli1c is rnkcn front I linh and Kohlstcdt ( 1996) (olivrnc (ol) • So~'.: clinup)'JO.'<..:n1: (cp:<) - I~~: onhoppo:<cn..: (op.'<) • l ~t. g:un..:1 (gfl) • 1$~~ J. 
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2006; Peslier et al., 2002; Peslier and Luhr, 2006; Table 11). The concentration of 
water in these studies was determined by either FTIR using the same mineral specific 
cal ibrations of Bell et al. ( 1995, 2003, 2004) or SIMS using the calibration of Koga et 
al. (2005). If I take concentrations from NA Ms in our experiments and combine them 
with the average modal composition of garnet lherzolitic mantle (Hi1th and Kohlstedt, 
1996) I find a bulk water concentration of 175 and 180 ppm for pressures of 25 and 40 
kbar respectively. These values correspond to the 'effective ' storage capacity of the 
lherzolitic mantle, appropriate to the studied bulk composition and P-T conditions. 
These values, even if they may vary (~I 00-250 ppm) because of the uncertainty in the 
calibration factors , remain in close agreement with estimations for water concentration 
in the shallow upper mantle (50-200 ppm), based on models using MORB (partial 
melts) or probes of the shallow upper mantle (Dixon et al., 1988; Michael, 1988, 1995; 
Saal et al., 2002). The values fall considerably below previous estimates (400-700 ppm) 
for OIB ('enriched' ) sources (Asimow et al., 2004; Dixon et al., 2002; Table 11). It 
must be emphasized that these values of 'effective ' storage capacity for NAMs at 25 
kbar, - 1000 °C and 40 kbar, -1100 °C are sufficient to stabilize pargasite in fert ile 
lherzolite at 25 kbar or cause melting at the fluid saturated solidus (- 1210 °C) at 40 
kbar. Thus, the actual storage capacity for water in the fertile (MORB-source) mantle is 
controlled by pargasite in subsolidus conditions at 25 kbar and by NAMs at 40 kbar. In 
the latter case, water content of <200 ppm is sufficient to cause melting at 1210 °C at 
the fluid saturated solidus. 
4.4.3.6. The 'dry ' experiments and their role 
The fact that ' dry' experiments returned water concentrations in ol and opx 
similar to the water saturated experiments, and that hydrous phases are found in the 
ferti le lherzolite mix, indicates that even if careful preparation is undertaken to exclude 
water, there will still be enough water present to stabil ize both hydrous phases and the 
NAMs (in equilibrium) containing detectable water contents. It seems that opx and ol 
have similar or slightly lower water concentrations than their fl uid saturated 
counterparts (experiments with 1.45 wt% H20). The 25 kbar ' dry' experiment (P30) at 
I 000 °C is below the fluid-saturated solidus temperature for HZ I ( I 025 °C) and the 
amount of pargasite formed is -3%, based on compositions of phases and mass balance 
(in the compan ion study Green et al., 2008). The 40 kbar ' dry ' experiment (P32) is in 
HZ I + 5 wt% phlogopite composition, where if 5 wt% phlogopite was present (and the 
phlogopite was fully hydrated), then - 0.2 wt% H20 would be required for phlogopite 
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alone. The temperature of this experiment was 1175 °C, which is above the fluid 
saturated solidus for this composition [I I 00 °C <fsolidus<l 150 °C). The absence of 
melting indicates that ' dry' conditions do produce a significantly lower activity of H20 
than the 'fluid -saturated' conditions with 1.45 wt% H20 present (P 11, Table 8). This 
experiment (P32 at 40 kbar and 1175 °C) and those with 0.145 wt% H10 without free 
fluid (PI 0 at 25 kbar (pargasite and phlogopite present), and P 12 at 40 kbar (phlogopite 
present), Table 2 and 8) may be referred to as ' fluid absent' and relates to conditions 
found between the (aqueous) fluid-saturated solidus and the ' dehydration solidus' for 
pargasite+phlogopite lherzo lite at 25 kbar and phlogopite lherzolite at 40 kbar. The 
'flu id-absent' description is consistent with the lack of inclusions confirmed by visual 
observation and the low sample porosity evident in SEM imaging. This issue poses a 
question as to what extent previous experiments are ' dry' and what could be the source 
of water. It seems that with present experimental capabilities, measurement of bulk 
water concentrations lower than I 00-200 ppm levels cannot be achieved. In my case, . 
the source of contam inant water may be minerals in the sensor layers, even if their 
original water concentration is less than that found in the experiments, as inclusions 
may have remained unnoticed during FTIR measurements and optical observations of 
the original ' sensor' crystals. It may also include hydrogen migration through the 
capsule wall, but this should have been minimized by use of Ag and Au capsules. An 
important task for future investigators will be to determine the exact levels of water 
contamination, and if these can be minimized to the extent that hydrous phases become 
destabilized. For th is reason, it is recommended that the present experiments be 
repeated in the future, with layers made up of oxides rather than natural minerals so as 
to further decrease water contamination. 
4.4.3. 7. The effecl of different calibration factors on quantitative results 
In this discussion, water concentrations determined by the commonly used 
mineral specific (' Bell') calibrations for NAMs are presented to allow a sound 
comparison with previous results. It is also important to demonstrate, however, that 
even if different calibration factors could result in distinct absolute concentrations of 
water (Table 7, 9 and 10); the major trends remain the same regardless of the 
calibration factor applied. Thus, water concentration in ol calculated by mineral 
specific (Bell et al., 2003) and wavenumber dependant calibrations (Libowitzky and 
Rossman, 1997) are plotted against the substitution mechanism dependent calibration 
developed in Chapter 2.3 (Figure 7a). There is a good linear correlation with both 
215 
I. KoY;ics Chapter-' Experiments in chemically complex systems 
a) 
Comparison of different calibrations for olivine in chemically complex experiments 
100 
.,. 
.:: so 
:... 
..::: 
;; 
~ 60 
c:: 
~. 40 
20 
0 50 
y = 0.683x 
R2 = 0.9268 
100 
y = 0.364 I x 
Rz= 0.9581 
+ Bdl Cl al. (2003) 
• Libowi1zky and Rossman (1997) 
150 200 
11 20 ppm (lhis slutly) 
250 
b) Comparison of different calibrations for cpx ad opx in chemically 
r:: suo 
"' :::: 700 
~ 600 
0 
:::: 500 
.. 
~· 
'E 
400 
5 300 
..::: 
:::.. 200 
= c. 
c. 100 c,. 
0 
0 
complex systems 
/
- 0; 9464x 
R·= I 
500 1000 
y = 0.4218;-; 
R1 = I 
• OJ)'\ 
• cpx 
15 00 
1120 ppm (fkll c·l al. 1995, 200.t) 
2000 
Figure 7 a) Comparison of different calibrations for olivine in chemically com-
plex systems. Data for the plot are taken from Table 7. The error is 30%. 7% 
and I 0% for the substitution mechanism dependant calibration developed in 
this thesis, the mineral speci fic calibration of Bell et al. (2003) and the 'Nave-
nurn ber dependant ca I ibration of Li bowi tzky and Rossrn an ( 1997) re spec ti ve ly. 
Solid li nes indicate linear fits forced through the origin; b) Comparison of 
different calibrations for pyroxenes in chemica lly complex systems. Data for 
the plot are taken from Table 9 and 10. The error is 4% and I 0% for the min-
eral speci fie ca libration of Bel I et al. ( 1995, 2003) and the wavenumber depen-
dant calibration of Libowitzky and Rossman ( 1997) respectively. Solid lines 
indicate linear fits forced through the origin. 
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mineral specific and wavenumber dependant calibrations, however, there are some 
systematic differences. The linear re lationship indicates that the relative changes in 
water concentration hold, even if the absolute concentrations may vary. The mineral 
specific calibration of Bell et al. (2003) gives lower values than our mineral specific 
calibration. This is not entirely unexpected as it was previously outli ned in Chapter 2.3 
that there is almost a factor of three difference between the mineral specific calibration 
of Bell et al. (2003) for [Ti] peaks and our substitution mechanism specific calibration 
for [Si] peaks (0.572 and 0.188 respectively), however, these factors are similar to [Ti] 
and [trivalent] peaks (0.182 and 0.178, respectively). A greater difference between the 
two calibrations is expected when the contribution of [Si] peaks is more s ign ificant 
(Table 8). The quality of the linear fit through the origin for this plot is not overly good 
(R2=0.93), ind icating that the application of the mineral specific calibration to other 
than [T i] peaks may not be appropriate. The wavenumber dependant calibration gives 
around a factor of 3-2 times lower concentrations than the substitution mechanism- and 
mineral specific calibrations respectively. The observed quality of this linear fit appears 
to be better (R2=0.96), which highlights, again, the importance of developing different 
calibration factors for each substitution mechanism and that additionally, there may be a 
broad correlation with wavenumber as has been previously proposed by a number of 
researchers (Balan et al., 2008; Libowitzky and Rossman, 1997; Paterson, 1982) and 
was demonstrated in Chapter 2 .3. The difference (a factor of 2) between the mineral 
specific and wavenumber dependent calibrations is in agreement with other studies (i.e., 
Bell et al., 2003). 
For the pyroxenes, there are on ly mineral specific (Bell et a l. 1995, 2004) and 
wavenumber dependant calibrations (Libowitzky and Rossman, 1997). The two 
calibrations have an almost perfect resemblance for opx, although for cpx the 
wavenumber dependant calibration gives lower values than the mineral specific 
cal ibration, by a factor of two (Figure 7b). We used the higher, mineral specific values 
in our discussion as: I) these are in better agreement w ith the partitioning o f water 
between opx and cpx observed in natural and experimental systems (Grant et al., 2007a; 
Peslier et al., 2002); 2) there is no variation in the relative contributions of different 
peaks for pyroxenes relative to ol; 3) the mineral specific calibrations are the most 
commonly used factors in the literature. Only one wavenumber dependant cal ibration 
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factor.3 is used for each pyroxene, therefore, it follows that the perfect linear relationship 
between the two calibrations is only artificial (Figure 7b). 
4.5. Conclusions 
I reproduced experimentally the major substitution mechanisms in NAMs using 
the ferti le lherzolite composition of Hart and Zindler ( 1986). The layered experiments 
closely approached equilibrium with the fertile lherzolite mix, as chemistry of the 
original 'sensor' crystals adjusted accordingly and their initial hydrogen defects were 
also modified. Equilibrium, however, was not achieved fo r the experiments with Al-
rich pyroxene layers as, despite major garnet exsolution, relict A'203-rich patches in 
pyroxene cores remained. The substitution mechanism of water in the studied NAMs 
does not change over the studied P-T range and was similar to those observed in mantle 
xenol iths and other experiments. The concentration of water increases in ol with 
pressure but melting does not appear to have an effect on the solubility of water in 
NA Ms. The activity of water in the coexisting fluid influences water solubi lity, as both 
the initial water concentration and the presence of alkalis in the coexisting fluid change 
the concentration of water in NAMs. The near-equilibrium nature of the experiments 
allows me to study partitioning of water among NA Ms. The results at 25 kbar ( D;~~"Px 
- 3; D;~~~01 - 10) are in good agreement with observations in natural rocks and 
experiments. 
The most important conclusion from this study is that if water contents in fe1tile 
mantle lherzolite (i.e., model mantle compositions such as HZ I, MORB-pyrolite, MM-3 
etc.) are as low as I 00-250 ppm H20 at 25 kbar, then pargasite is stable and the solidus 
is the ' lherzolite+H20 dehydration' so lidus. Higher water contents result in increased 
pargasite abundance until some limiting value appropriate to bulk composition and 
pressure is reached (see Niida and Green, 1999). Melting then begins when this limiting 
H20 value is exceeded, at the fluid-saturated solidus (i.e., I 000 °C<Tsolidus< I 025 °C for 
HZ I lherzolite at 25 kbar). I speculate that (beginning with zero water) with increasing 
water below the solidus at 25 kbar, the concentration of water increases in NAMs until 
pargasite appears (Figure Sa), and then remains more or less constant until the 
maximum modal abundance of pargasite appropriate to the bulk composition is reached 
3 The factors are calculated from the average wavenumber, which is the average of the upper and lower 
limits of integration, corresponding to 3395 and 3380 cnf1 for opx and cpx, respectively. This is because 
the absorption peaks in pyroxenes are broad, unlike in ol where there are usually sharp and well-separated 
absorption peaks. 
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Figure 8 a) Phase relations in the HZ I lherzolite mix at 25 kbar as a fi.1nction of 
temperature and water content: b) Water concentration in NAMs as a func tion of 
total water added to the system along di rferent temperature sections of the phase 
diagram (a). Dashed lines indicate the storage capacity of the NA Ms when the 
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(Figure Sa)4• At this point free fluid appears, the propo1tion of which increases with 
added water and approaches the conceptual max imum activity of I, while water 
concentration in NAMs increases until the maximum storage capacity is reached 
appropriate to the P-T-bulk composition (Figure Sa). The ' dry' experiment (P30) 
demonstrated that the initial stage where pargasite is unstable in the HZ I composition at 
25 kbar (but all water is in NAMs), cannot be reproduced, as there is always enough 
water (I 00-250 ppm) to stabilize pargasite. There is evidence, on the other hand, that 
the water concentration is, indeed, lower when pargasite is present but fluid is absent 
(24 ppm, P30, HZ 1) with respect to fluid-saturated experiments ( 41 ppm, 085, HZ l ). 
Two other fluid absent experiments with 0.145 wt% H20 (PIO and P12 at 25 and 40 
kbar, respectively, HZI + 5 wt% phlogopite), however, returned similar water 
concentrations to their fluid saturated counterparts with 1.45 wt% H20 (P9 and P 11 at 
25 and 40 kbar, respectively, in HZl + 5wt% phlogopite mix, Table S). This may 
imply that in these latter experiments the activity of water does not increase when fluid 
appears, as the K20 in the added phlogopite component suppresses the activity of water. 
With more added water (>> 1.45 wt %), however, this effect may well be detectable in 
these experiments. If the temperature exceeds the solidus at 25 kbar but is still within 
the pargasite stability field (<-I 070 °C; Niida and Green, 1999), then instead of having 
free fluid when maximum pargasite abundance is reached, the dehydration melting of 
pargasite begins (Figure Sb). The concentration of water in NAMs after the onset of 
melting is determined by the activity of water in the silicate melt. The activity of water 
in the si licate melt increases with added water, until free fluid appears as the s il icate 
melt becomes saturated in water-rich fluid (Figure Sb). It fo llows that the 
concentration of water slowly increases in NAMs, then after water saturation in the 
coexisting melt is reached, it may increase more rapidly until a storage capacity 
appropriate to P-T-bulk chemistry is reached. At 40 kbar where pargasite is unstable, 
melting begins at the fluid-saturated solidus (i.e, 1200 °C<Tsolidus<1225 °C for HZI 
composition) with water contents ~ 150-250 ppm. The melt fraction is strongly 
controlled by the bulk water content. Any lherzol ite residue from melt extraction at - 40 
kbar and -1210 °C, will have - 100-250 ppm partitioned into NA Ms. 
~ It may well be, however, that pargasite is stable from the beginning and its concentration as well as the 
concentration of water in NAMs increases with added water. This can be tested by conducting 
experiments at water concentrations below I 00 ppm. 
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I. Kovacs Appendix I 
Evaluation of infrared spectra 
Background subtraction 
One of the most important uncertainties encountered in quantitative infrared 
spectroscopy is the background subtraction. In quantitative infrared spectroscopy the 
integrated area and the linear absorbance (peak height) for minerals and glasses, 
respectively, are related to absolute water concentration. The integrated area is the area 
between the absorption peaks of interest and the background, within the limits of 
integration. The linear absorbance is the distance between the peak maximum and the 
background in absorbance units. It fo l lows that the choice of background can introduce 
significant uncertainties in both . It is thought to be ideal if the background is such that 
the upper and lower limits of the integration are on the background line and their 
absorbance equals 0 (Figure Al). There are situations, however, where not a single 
peak but only a group of peaks can be integrated this way since the peaks are 
overlapping (Figure Al). 
The background subtraction is an im portant action when interpreting infrared 
spectra, as si lica overtones, fluid and melt inclusions, water vapor and imperfections 
during sample preparation can result in sloped backgrounds. The known absorption 
peaks of water in NAMs occur between 3650 and 3000 cm·1 as relatively sharp, small 
peaks sitting on the background. These peaks usually cover a range of only tens of 
wavenumbers in width for olivine but can be significantly wider for pyroxenes. The 
interference and/or overlapping of these peaks, originates from four major sources: I) 
melt inclusions with water (either molecular or hydroxyl) and fluid inclusions with 
liquid water (Rossman, 1988; Zajacz et al., 2005); 2) water vapor in the sample chamber 
or in fluid inclusions (Goldstein, 1963); 3) organic contamination (organic solvent, 
fi ngerprint, epoxy etc.); 4) interference fringes. These four different sources can be 
easily distinguished from one another in most circumstances. 
1) Water in melt and fluid inclusions has a broad peak around 3500 cm·1• This 
is the most common type of interference, as melt and fluid inclusions are often present 
in both natural and experimental samples. An easy way to avoid such a background 
problem is to analyze parts of the sample where the inclusions are visually undetectable. 
If this attempt fai ls and there is still a sloped background, it proves relatively easy to do 
the background correction for olivine, but may be a bit more complicated for pyroxenes. 
For olivine it is usually sufficient to use the interactive concave rubberband correction 
(ICRC) that subtracts the background slope over several steps. 
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1. Ko\'acs Appcntlix I 
If this proves insufficient, we can then eliminate the background contribution by 
the choice of limits for the integration (Figure A2a). For pyroxenes this procedure is 
more complicated as they have broader peaks of which departure from the elevated 
background is sometimes hard to define. The ICRC can work for pyroxenes as well, but 
in some cases the user may need to draw the background manually if not satisfied with 
the automated correction. 
2) Water vapor has several, small and seemingly random peaks between 3600 
and 4000 cm·1• They become especially problematic, with regards to the background, if 
one conducts measurements close to the limit of detection (see the ' FUlek' olivine in 
Chapter 2.3 and Figure A2a), as a small amount of water vapor is always present even 
if nitrogen is continuously flushed through the sample chamber and silica gel is used to 
absorb water vapor. The water vapor peaks are of particular concern for clinopyroxene 
as it has peaks up to 3650 cm ·1, but not as problematic for olivine and orthopyroxene 
who' s can be typically found below 36 I 5 cm·1• It is difficult to compensate for water . 
vapor by background correction and it requires sound knowledge of the position of 
structurally bound water peaks in NAMs. The problem of water vapor can be also 
addressed by appropriately setting the limits of integration. 
3) The main organic peaks are related to epoxy and organic solvents. These 
peaks appear from 3050 to 2700 cm·' and have relatively strong absorbance with respect 
to water peaks in NAMs (Figure A2a). These peaks overlap only with the 3060 cm·1 
peak of pure enstatite among the NAMs studied here (see Chapter 2.3). The organic 
peaks, with the exception of the enstatite peak, don 't overlap with structurally bound 
water in NA Ms and, thus, are not of great concern for quantification but it is certainly 
important to realize the presence of peaks related to organic contamination and 
distinguish them from other absorption peaks. 
4) Interference fringes occur where the surfaces of double polished sections are 
almost perfect ly parallel and the light bounces between these surfaces resulting in 
periodic wave-like forms on the infrared spectra (Figure A2a) . The wavelength of 
these fringes is related to the thickness of the sample (the distance between the parallel 
surfaces of the section) and thus can also be a useful tool to estimate thickness. It is 
generally difficult to implement a background correction for interference fringes, 
however, the averaging of the unpolarized infrared spectra can considerably weaken this 
effect. 
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There is no general protocol in the literature that can make the results of 
different operators reasonably comparable. The purpose of this section of the 
Appendix is to present the background subtraction method that is adopted in this thesis. 
The main aim of this particu lar protocol is to make my results comparable and minimize 
the ' human factor' in background subtraction. This was achieved by using the 
interactive concave rubberband correction tool (ICRC) within the OPUS software 
application, that is itself, free of ' human ' inferences and only the number of iterations 
utilized can be somewhat subjective. The ICRC is known to be an effective background 
correction in FTIR spectroscopy. As a general trend within this thesis, the number of 
iterations decreases w ith the quality of the background. In some instances, especially 
when dealing with particularly poor quality spectra, there was an inevitable leaning 
toward user interpretation when distinguishing signal to noise or contamination. Spectra 
of poor quality, however, were not considered for quantification but only for qualitative 
purposes. In this study, synthetic glass and natural and synthetic NAMs (olivine, . 
c linopyroxene, orthopyroxene) were analyzed by FTIR. Each type requires a different 
apptoach in background subtraction and therefore w ill be discussed separately below. 
Synthetic glass samples (Chapter 2.2.) 
The glass samples usually returned very smooth background, therefore, as it is 
demonstrated in F igure A2b, only a couple of iterations are needed to set the 
background level of the analyzed peaks (5200 and 4500 cm-1) to 0. 
Natural and experimental minerals (Chapter 2.3 and C ha pter 3) 
As is discussed in C hapter 3, the general spectra of natural mantle NA Ms, and 
those of synthetic olivine and 011hopyroxene in particu lar, can be classified as four 
major groups based on their spectral quality. The first two groups are good for 
quantification, whereas the last two are only suitable for qualitative analysis (see a lso 
C hapter 3): 
I) Good for quantitative analysis: (several) steps of iteration in the ICRC are 
required to set the background of the water absorption peaks to 0 (Figure A2c). 
2) Sufficient for quantitative analysis: furthe r iterations are required (Figure A2d) 
3) Good for qualitative analysis: a large number of iterations are required and a 
manual background correction may be necessary (Figure A2e) 
4) Sufficient for qualitative analysis: a large number of iterations and an elaborate 
manual background subtraction are necessary to obtain qualitative information 
(Figure A2f). 
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Integration 
The choice of limits for integration also affects the quantitative results. In this 
thesis I adopted a conservative approach where absorption peaks or groups of 
absorption peaks are evaluated individually by integrating them separately, where 
possible. The best way to determine the individual contri bution of the different peaks 
would be, ideally, to conduct a peak fitting for each absorption peak. The peak fitting 
routine is found to return results that differ in the extreme for a single spectrum even if 
the fitting parameters are only slightly modified. For this reason it is probably more 
accurate to integrate the peaks or groups of peaks individually, where the limits of 
integration intersect the spectrum at the background values (ideally where A=O). This 
approach may seem a little on the conservative side, but it is not expected to produce a 
significant difference with regards to other studies. The limits of integration depend on 
the absorbance characteristics of the spectrum, therefore the different experimental 
setups and natural minerals need slightly different integration routines. The routines are 
set out in Table Al. Integrating over a wide range of wavenumbers, as was suggested 
in several previous works (i.e., Bell et al., 1995, 2003, 2004), is probably not an 
appropriate practice, as if the background is not adequately corrected (i.e., not set to 0 
outside the water-related absorption peaks of interest) then the contaminations and 
irregularities in the spectra (see above) can give a substantial contribution that is not 
structurally bound water-related. In addition, if the integration method includes the area 
between the spectrum and the X-axis, and the background does not coincide with the X-
axis, then the integrated area can be largely overestimated. It is practical from this point 
of view to utilize integration methods that can include only the area between the line 
connecting the limits of integration and the spectrum. This corresponds to the situation 
when the background is set to 0 around the peak of interest. In theory, we can apply this 
integration method even without the background subtraction, but it is essential that the 
limits of integration are appropriately set. 
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Table Alb Limits of integration for the peaks that are considered for quantification in orthopyroxenc 
Pcak(s) limits Pcak(s) limirs Peak (s) lintilS l'eak(s) li111i1s Pcak(s) limits 
Smnnlcs upper lower upper lower upper lower upper lower upper lower 
Chapter 1 - Natural samr>lr 
Fincro opx 
3546+ 
3566 3579 3536 3520 3536 3493 3415 3492 3348 hydrous 3776 3579 
Cha11ter 3 - m-buffcrcd cx11crimcnts 
111-buffcrcd 3475 3485 3464 3360 3408 3304 3062 31 15 3016 hydrous 3700 3550 
Cha11ter 3 - c-buffcred experiments 
c_15_1100 
c_15_1200 3360 3406 3317 3060 3086 3044 hydrous 3788 3639 
c_5_ 1200 
c 35 1100 
c_25_1100 
c_25_1200 3360 34 16 3310 3060 3130 3015 hydrous 3790 3624 
c 25 1300 
ear_ IOOO 
3547+ 
cal_ l IOO 3600 3618 3567 3522 
3567 3495 3473 3495 3450 3410 3434 3370 hydrous 3760 36 18 
cal 1200 
ca_3 
3600 3630 3567 
3548+ 3567 3490 34H 3490 3455 3414+ 3455 3350 
ea 6 3522 3390 
Chapter 4 - chemically complex systems 
E2554 (2) all 3650 3120 general approach 
OTPI (3) all 3650 3250 
E2554 (2) 3600 3650 3566 3530 3566 3478 3420 3478 3358 all 3650 3150 
conscrva1ivc approach 
DTPI (3) 3600 3630 3567 3530 3567 3483 3420 3483 3359 nll 3630 3150 
Table A I c Limits of integration for the peaks that arc considered for quanti fication in clinopyroxenc 
l'cak(s) limi1s Pcak(s) limi1s Peak(s) limits Pcak(s) limits Pcak(s) limi1s 
Samples upper lower upper lower upper lower UODCr lower upper lower 
Chn1Her 4 - chemically com1>1ex svstems 
D255•1 (2) all 3770 3100 general approach 
0250 1 (3) all 3700 3250 
02554 (2) 3640 3712 3567 3540 3567 3507 3548 3507 3396 3350 3396 3304 
conscrva1ivc approach 
0250 1 (3) 3640 3677 3567 3450 3502 3397 3363 3394 3330 
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T able A2 Testing the accuracy of the method developed by of Matvccv and Stachcl (2007) for estimating 
thickness on some th in sections with known thickness 
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Appendix III SEM images of experimental charges in the ea3, ea6 and eat systems 
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c 5 1100 opxldetail 
Appendix IV SEM and BSE images of ablation pits in thee-buffered experiment at 1100 °C and 5 kbar 
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A ppendix JV SEM and BSE images of ablation pits in thee-buffered experiment at 1200 °C and 5 kbar 
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Quantitative absorbance spectroscopy with unpolarized light: Part 1. 
Physical and mathematical development 
MALCOLM SAMBRIDGE,* J OHN F ITZ GERALD, ISTVAN K OVACS, HUGH ST.C. O'NEILL, 
AND J ORG HERMANN 
Research School of Earth Sciences, Austn1lian National University, ACT 0200, Austra lia 
ABSTRACT 
A new approach to the use of spectroscopic absorbance measurements for anisotropic crystals allows 
results to be extracted using unpolarized light incident on random crystal orientations. The theory of 
light propagation in anisotropic absorbing crystals is developed from Maxwell's equations to devise 
an expression for the transmittance of linearly polarized light traveling in an arbitrary direction in 
weakly absorbing media. This theory predicts the distribution of transmittance and absorbance as a 
function of direction and polarization angle of incident light. It is shown how a previously deduced 
empirical expression, commonly used in infrared spectroscopy, is a good approximation to the full 
theory under a wide range of conditions. The new theory shows that principal polarized absorbances 
correspond to the eigenvalues of an absorbance ell ipsoid. An expression is derived for the unpolarized 
absorbancc as a function of the angles describing incident light direction, A.,,""i(Q,ljl), and the principal 
polarized absorbanccs, A., Ab, A, in an anisotropic crystal 
Integration of this expression over all incident angles leads to a simple rela tionship between total 
measured unpolarized absorbancc and the three principal polarized absorbanccs. Using this theory, a 
procedure is proposed for estimating both total (A,+ Ai.+ A,) and principal absorbanccs from spectro-
scopic measurements of absorbance using unpolarized light on a set of randomly oriented crystals. 
Keywords: Absorption index theory, anisotropic media, unpolarized light, spectroscopy 
I NTRODUCTION 
Optical indicatrix theory is well known and based on the 
work of Fletcher ( 1892). It provides a convenient mechanism 
for describing the optical properties of crystals, and allows 
calculation of refractive indices for light propagating through 
anisotropic media (Nessc 1986; Kliger ct al. 1990). Phemister 
(1954) shows how the optical indicatrix theory is a direct con-
sequence of Maxwell's electromagnetic (EM) theory of light. In 
analogy with the optical case, an indicatrix ellipsoid is often used 
for analyzing measurements of absorbance of electromagnetic 
radiation in anisotropic minerals. Important mineralogical ap-
plications include using infrared (IR) spectroscopy to quantify 
water content of minerals like olivine and pyroxenes, and also 
to provide clues to the crystallography of water substitution. The 
solution of Maxwell's equations for light propagation in media 
where both refractive index and absorption vary anisotropically 
has been largely neglected by modern researchers. Instead they 
have relied upon empirical evidence to determine relationships 
between various quantit ies, such as the angular dependence of 
absorbance, or transmittance on crystallographic orientation of 
* E-mail: malcolm@rscs.anu.cdu.au 
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polarized light in biaxial minerals. Consequently, there has been 
debate on the appropriate form of this relationship with several 
alternatives suggested (sec Libowitzky and Rossman 1996). It 
has also been claimed that, in general, only polarized light can 
be used to recover principal and total absorbances and that use 
of unpolarized light cannot in general yield quantitative data 
(L.ibowitzky and Rossman 1996; Bell ct al. 2003, 2004). Conse-
quently, the belief has evolved that a major barrier to the practical 
use of IR spectroscopy (with polarized light) is the difficulty of 
perfonning the necessary orientation of line-grained crystals 
(Asimow et al. 2006). A technique that avoided these difficulties 
altogether and used only unpolarized absorbance measurements 
would therefore have considerable appeal. 
As has been shown by many (see references above), for 
practical purposes, analyses from absorption spectroscopy 
using polarized light can only be cfTccted on crystal sections 
oriented parallel to the principal optical axes. The reason is that 
in addition to absorption, light traveling through other sections 
may undergo birefringence (spli tt ing of light into two perpen-
dicularly polarized waves propagated with difTerent paths), the 
amount of path deviation depending on the refractive indices 
and the thickness of the section (sec Nye 1957; Bloss I 961; 
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Born and Wolf 1980). resulting in complex relations. Optical 
activity will also cause additional complications (sec Born and 
Wolf 1980). Finding suitably oriented crystals is ofien diOicult 
in experimental nm products, or natural samples with line grain 
size, and instead mineralogists have sometimes tended to devote 
their efforts to large gem quality crystals that may not address 
the most important petrological problems. Herc we show that 
simple analyses of unpolarized radiation permits quantitative 
information to be gleaned from a crystal with any orientation, 
allowing the recovery of the principal absorbanccs by standard 
statistical means from a population of crystals with unknown 
but random orientat ions. For crystals of orthorhombic or higher 
symmetry where orientations can bedctcnnincd, for example by 
electron back-scattering diffraction (EBSD) or a universal stage, 
principal absorbances can be recovered from measurements on 
just three differently oriented grains. The statistical approach is 
particularly advantageous for the study of crystalline phases of 
low symmetry (i.e .. monoclinic or triclinic) because it allows the 
principal absorbanccs to be dctcnnincd without having to know 
their orientations relative to the crystal axes. 
In this paper, we re-examine the early work on theory oflight 
propagation (carried out in the latter part of the 19th and early 
20th centuries) to arrive at a theory for transmittance (or absor-
bancc) of both polarized and unpolarized radiation in anisotropic 
crystals. By returning to the fundamental theory based on solu-
tions to Max weirs equations we arc able to resolve the questions 
regarding the angular dependence of transmittance, as well as 
provide a useful self-consistent theory for absorption of polar-
ized and unpolarized light in anisotropic crystals. In particular, 
we derive an expression for the dependence of transmittance 
on polarization angle for arbitrary directions in general biaxial 
crystals. The theory is valid in the case of weak absorbance 
(i.e., for minerals that arc not opaque in thin section) for light 
propagation in a birefringent and absorbing anisotropic medium. 
The new theory leads to an expression for absorbancc of unpolar-
ized light, propagating in an arbitrary direction, in terms of the 
principal polarized absorbances. Using the theory we arc able to 
derive a simple method for extracting quantitative information 
on total absorbance using unpolarized radiation measurements 
on randomly oriented minerals, i.e., without the need to align 
mineral samples in any special direction. or even knowing the 
positions of the principal axes of the indicatrix ellipsoid. We set 
out the theory in some detail for both polarized and unpolarized 
cases. verify the resulting formulae with a numerical test and 
describe the implications. In a companion paper (Kovacs ct al. 
2008) we demonstrate the accuracy of the relationships derived 
here for real minerals. In addition, we compare the results of 
using the technique to estimate principal absorbanccs with those 
obtained with standard techniques and polarized light along 
principal directions. 
THEORY 
In this section. we dctcnninc the relationship between trans-
mittance (or absorbance) and polarization angle from the fun-
damental physics of light propagation in absorbing anisotropic 
media. First, we briefly review the case of light propagation in 
non-absorbing crystals with anisotropic refractive index, before 
dealing wi th the more general case. 
LIGllT PROPAGATION Iii> NON-ABSORB~G Afli lSOTROPIC 
CRYSTALS 
The theory oflight propagation in non-absorbing anisotropic 
crystals was well understood by the early part oft he 20th century. 
Seminal works arc by Fresnel (1866), Voigt ( 1902), Pockcls 
( 1906), and Born ( 1933 ). Detailed accounts arc given in Nye 
( 1957), as well as section B2 ofRamachandran and Ramaseshan 
( 196 I) (hcrcancr referred to as RR), and Chapter 14.3 of Born 
and Wolf(l980). In short, Maxwell's equations tell us that the 
optical properties of a medium arc deicm1ine<l by the relationship 
between the displacement vector 0 and the electric vector E of 
the propagating clcctromagnctit: wave. An anisotropic medium 
corresponds to the case where three components of 0 and E arc 
linearly related through 
D =(e] E (1) 
where [r] is the dielectric tensor. Since D and E arc 3 component 
vectors [e] is in general a 3 x 3 matrix (second-rank tensor) and 
Equation I represents a 3 x 3 system of equations. By inverting 
we have 
E = [u] 0 (2) 
where [a] is known as the index tensor (or matrix) and is equal 
to the inverse of the dielectric tensor 
[a] = [t:] ' (3) 
As shown in RR, on their p. 61, the action of any second rank 
tensor can be represented as a surface in three dimensions. This 
fact together with Maxwell 's equations leads to the delinition 
of an index ellipsoid describing all possible orientations of the 
displacement vector 
where ex,  arc the components oft he symmetric 3 x 3 index matrix 
[a.]. The index ellipsoid derived from Maxwell's equations is the 
same as the optical indicatrix of Fletcher (1892) and provides a 
convenient geometric method for predicting many phenomena 
observed with the passage of light through anisotropic media. It 
can be shown that the refractive index experienced by the wave 
with displacement vector D is given by the radius of the index 
ellipsoid parallel to D. (sec RR, their p. 63-64.), i.e., we have 
11(¢,111) = r (5) 
where the angles (6,~1) arc the spherical coordinates of a unit 
vector parallel to D. 
The general theory leads to the conclusion that given any 
direction of the wave normal two waves can be propagated with 
their vibrations linearly polarized along the principal axes of the 
elliptic section on the index ell ipsoid nonnal to the wave normal. 
(Note that in anisotropic media, the wave nonnal and the ray 
direction arc not parallel, as they arc in isotropic media.) The 
plane perpendicular to an iirbitrary incident light direction cuts 
the ellipsoid and creates a cross-sectional ellipse. The principal 
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axes of this ellipse define the electric vector directions of the 
two propagating waves possible in the crystal. In general the 
particular paths (rays) that each wave can follow are not the same, 
a phenomenon known as birefringence. The thicker the sample 
the more separated the two rays will become, since they have 
different refractive indices. (In uniaxial crystals., these arc known 
as the ordinary and extraordinary ray, since the latter does not 
obey Snell's law at the crystal interfaces.) Bloss ( 1961) explains 
how the index ellipsoid may be used to predict the speeds and 
polarization of each wave for birefringence materials, including 
the special cases of light incident along principal and optic axes. 
(An optic axis is de lined as those directions for which the cross 
section of the index ellipsoid is circular. In uniaxial crystals, this 
will be along the principal c-axis. In biaxial crystals, two optic 
axes exist inclined to all th ree principal axes.) 
The equation of the index ell ipsoid in Equat ion 4 may be 
written in tcm1s of an x, y, and = coordinate system oriented 
along its principal axes 
x2 y2 =2 
-+-+-= I 
0 2 b2 c2 
(6) 
where a, b, and c arc the semi axes of the index ellipsoid (sec 
Fig. la) and depend on the index tensor [a]. Using spherical 
coordinates (O,ljl) of the vibration direction (defined with respect 
to the principal axes in Fig. I b) we have 
x = r ·!'incp·c1)!''11: 
y = r ·si111p·:;i111v: 
== r ·cos(jl 
(71 
where r is the radius of the ellipsoid in the direction given by 
the spherical angles ($.~1). Substituting Equation 7 into Equation 
6 and rearranging we get the equation of the index ellipsoid in 
terms of spherical coordinates 
I I . 2 2 I ·2 ·' I , 
- = -·Siil <.p ·COS u + -·Slll lp·Slll - L"+? ·COS-\!) · 
,.2 (12 b2 c (8) 
Since the radius is equal to the refractive index 11(0,1J1), we get 
which is Equation 9.2 on p. 155 of Bloss (1961). 
Light propagation in absorbing anisotropic crystals 
The theory oflight propagation in absorbing anisotropic me-
dia is described in detail by Pancharatnam ( 1955) and extended 
by RR; sec also Chapter 14.6 ofBom and Wolf{l980). Herc we 
present the essential clements for the results needed below. The 
above summary oflight propagation in non-absorbing anisotropic 
media provides the setting for an extension to absorbing media. 
Jn an absorbing medium light propagation may be described by 
two parameters, the refractive index 11 and the absorption coef-
ficient, k. For example, an electric vector of a plane polarized 
wave traveling a distance= is given by 
a) y 
z < ..... /~';hi 
b) 
y 
x 
F1cu1u; I. (a) Perspective view of an indicatrix ellipsoid with inciden1 
light propagating toward the center along 1hc z-axis. 1 lere the semi axes 
of the ellipsoid :ire a, h. and c. in 1he x. y. and z directions, respectively. 
(b) Radius of an ellipsoid.,., al an arbi1rnry 1>oin1 on its surface defined 
by the angles ¢ and Ill· I lcrc <i is the angle between the radial and the= 
axis, and Ill is the angle between the x-axis and the projection of r on the 
x-y plane. These arc the standard spherical polar angles. 
where j, is the wavelength. Due to absorption, the wave re-
duces to lie of its ampli tude aficr traveling a distance Ilk in 
the medium. 
We can rewrite Equation I 0 as 
E E { -2"i~= } (I I) : = ·0 exp -)..-
where ii is a complex refractive index, ii = 11 - iK, k =(kJ/)/(2rr) 
is the extinction cocmcicnt, and i is the imaginary constant 
\-1. Thcrdon.: an absorbing medium corresponds 10 a complex 
refractive index. To extend this to anisotropic media we follow 
the same approach as in the previous section but add an imagi-
nary component to the dielectric tensor, i.e., we replace the 3 x 
3 matrix [E] with a 3 x 3 complex matrix [E] + i[11]. In this case, 
the index tensor also becomes complex, which we write with 
real and imaginary parts as [ex] + i[f}]. Therefore Equation 3 in 
absorbing media becomes 
(a) + i(f}) = ((E) + i(f"l))-1• (12) 
Aller rearranging and equating real and imaginary parts, 
we obtain 
[a]=(/ - [e] •[q][i:J l(q]t•[i;J i (13) 
{ } {-2Tiin=} £: = £0 exp - k= exp -->-.- (10) and 
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where I is the identity matrix. In this case, [a] is still the index ten-
sor (matrix) and just as before will govern the refractive index of 
light (and birefringence), and [p] is known as the absorption tensor 
(matrix), which will detcnninc the extinction coefficient (govcming 
dichroism). As in the previous case, both [ o:] and (BJ are second-rank 
tensors and can be represented by ellipsoids, [ex] giving the index 
ellipsoid and [I~] giving the absorption ell ipsoid. However, in this 
case things arc more complicated as both the real and imaginary 
components of the dielectric tensor influence both the index and ab-
sorption tensors. The absorption tensoralso depends on wavelength, 
but here we develop the theory for a single wavelength },, 
To proceed, we make the assumption that the absorption is 
weak, i.e., that the imaginary part of the complex dielectric ten-
sor is small compared to unity, hence terms in [e]·1[11] are small 
compared to the identity matrix,/. (This will be trnc for most non-
metallic transparent materials, and is quantified further below.) 
In this case we may neglect second-order terms and get 
[ex] = [e]·1 (15) 
and 
[~] = [e]-1[11][e]-1 (16) 
which gives first-order accurate expressions for the index and 
absorption tensors in tcnns of the dielectric tensors. As before an 
index ellipsoid is defined by the index tensor, but now we also 
have an absorption ellipsoid defined by the absorption tensor. The 
nature of light propagation in the absorbing medium will depend 
on the degree to which the two sets of principal axes coincide, 
which in tum depends on the crystallographic symmetry of the 
medium. For the most general case oftriclinic absorbing media, 
none of the principal axes of the index and absorption ell ipsoids 
arc required to coincide, and for light incident in an arbitrary 
direction the nature of the wave propagation is determined by 
the cross sections of both the index and absorption ellipsoids 
perpendicular to the incident wave nonnal. (Herc the effect of 
optical activity has been neglected. Optical activity results in a 
rotation of linearly polarized light on passage through a medium. 
Neglecting optical activity is equivalent to assuming that the 
absorption tensor [p] is symmetric.) However, for orthorhombic 
and higher order symmetries the index and absorption principal 
axes are coincident. 
In contrast to the non-absorbing case where incident light 
splits up into two linearly polarized light waves that propagate 
through an anisotropic crystal, Pancharatnam ( 1955) showed that 
when the principal axes of the index and absorption ellipsoids do 
not coincide, then the solution to Maxwell's equations permits 
two elliptically polarized waves to propagate without distortion 
through the crystal (see Fig. 2a). (Note ell iptical polarization is 
the most general fonn , and has circular and linear polarization 
as special cases. In elliptical polarization, the electric vector 
E rotates about the direction of light and traces out an ellipse 
when viewed by an observer looking along the direction oflight 
propagation. See Born and Wolf (1980) for more detai ls.) In 
general, any type of incident light in any direction wil l be split 
a) 
y 
FIGURE 2. (a) Shows the pa1hs traced out by the E-vector of two 
elliptically polarized waves, P, and P, from the point of view of an 
observed looking down the light ray. Only these two waves arc able to 
propagate undistorted 1hrough a general biaxial, bircfringcnl absorbing 
crystal. Incident light will be split into these components before traversing 
the crystal. OX and Ol' <ire arbitrary reference axes, OX, and Ol', arc the 
principal axes of lhc index ellipse, whi le ox, and or, arc the principal 
ax..:s of lhc absorb:1111;1; ellipse. The cllip1ical pul<1ri~a1ion s ar<.: dclin.:d 
by two angles (0, .. ~1r,)· The firs1is 1hc cccc111ric ity of the ellipse, and lhc 
second is the angle between the semi-major axis and the x-axis (shown). 
As the eccentricity tends to 0 lhe two waves become lin.:arly polarized 
about thei r major axes. P represents incident linearly polarized light with 
angle Or•· (b) shows how each of the quantities in (a) arc represented 
on the Poincarc sphere. Lalitudcs arc given by 2cj>1,, and longitudes by 
2111" .. Al l linearly polarized waves and axes have no eccentrici ty, and 
plot on the equator. The properties of transmittance and absorption of 
the waves can be dctcm1ined from the geodesic angles between points 
on the Poincare sphere (sec text for more delai l). 
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up into these two non-orthogonal elliptical polarizations upon 
entering the crystal. Each will propagate through the crystal 
with its own refractive indices and absorption coefficients. At 
the exit surface the two beams will combine. Our interest is in 
the intensity of the combined (output) light beam and how it 
depends on the polarization angle of incident linearly polarized 
light, which we denote as 0P' 
Before the theory can be developed further, an explanation 
is required ofa geometrical construction known as the Poincarc 
sphere (sec Fig. 2b). This is useful because any type of polar-
ized light (elliptical, circular, or linear) can be represented as a 
unique point on the Poincarc sphere. The general case of elliptical 
polarization is determined by two angles. The first, $p .. is the 
ellipticity of the ellipse formed by the rotation of the E-vcctor 
and the second, 111r., is the angle between the semi-major axis 
of this ellipse with the reference x-axis in the cross sectional 
plane to the direction of incident light (sec Fig. 2a). Any ellipti-
cal polarization is then uniquely represented by the point with 
latitude 20,,. and longitude 2111,,. on the Poincarc sphere. (From 
this definition we see that linearly polarized waves arc given by 
points around the equator of the Poincarc sphere, since here 0", 
= 0.) From the work of Pancharatnam ( 1955) we know that the 
two special elliptical polarizations allowed to propagate undis-
torted in a biaxial absorbing medium have the same latitude, 
but have longitudes that differ by n. These arc shown in Figure 
2b (represented by points P, and P2) together with the point 
representing the incident linearly polarized light, P, which must 
lie on the equator. Hence P1 and P1 arc at positions (26,,.,2'llr·) 
and (2¢r-.,21J1,,. + n) respectively, while the incident light P has 
coordinates (0,20,). 
TI1c Poincarc sphere representation is useful because it allows 
us to calculate how the intensity (and phase) of the incident light 
beam, 10, is changed as it passes through the crystal. Using results 
in section 4 of RR we can determine the initial intensities, / 1 
and Ii of the two waves produced by splitting the incident light. 
Equations 4.5 and 4.6 of RR give 
sin2 J. PP sin2 1 PP 
1, = I 2 2 ; I = I 2 I 
0.2J.pp 2 0.2.1.pp 
Siil 2 I 2 Siil 2 I 2 
(17) 
where PP., PP2, P,P? arc the angular distances on the surface of 
the Poincarc sphere between the corresponding points (sec Fig. 
2b). From the coordinates of the points we have immediately 
!J.._ sin2 <!>"·' + sin2(u,,,-o,,) 
!.. cos2 2"' cos2<l>1 · V" .,,,,, u 
(21) 
It is convenient to redefine the polarization variable 0,. by 
writing 
e = o,. 111,., (22) 
where now H measures the polarization of the incident light with 
respect 10 the major axis of the elliptical vibration P, in the cross 
sectional plane (sec Fig. 2a). Hence we have 
. , ), , , !.J.. = sin·..,,", , cos·o . 12 _ sin-o,,, + sin2 o 
I cos2 2o cos2c!> ' I - cos2 2). cos2"',. .. ·(23) 41 J'S fl.l U V JU 'i' , 
Therefore the initial intensity of the light beams depends on 
both the polarization angle, 6, of incident light and the positions 
of the two elliptical waves on the Poincarc sphere. The laucr de-
pend on principal absorbanccs and refractive indices in the cross 
sectional ellipses formed from the intersection of' the direction 
of light with the index and absorption ellipsoids (Fig. 3). The 
spliuing of the incident light will also induce a phase difference 
between the two resulting waves, I>, which is also a function of 
fl , details of which can be found in section 4 of RR. 
The next step is propagation through the crystal a distance=· 
aficr which the intensities will be reduced by factors e-211: and 
e·21~:. respectively (sec Eq. 10), where k, and k2 arc the absorp-
tion coefficients of the two waves. In addition there will be 
another phase delay, 0'. bel\\'Cell the fa~tCI' :Ind ~ l()WCI' lllOVing 
wave (due to birefringence). As before each of the quantities k,, 
k2, and O' depend on the light din:ction anti the cross sections or 
the index and absorption ellipsoids. Full solutions for each can 
be obtained from Maxwell's equations (sec section 4 of RR). For 
our purposes it is important to note that none of these depend 
on 0. Aficr transmission a distance= we can use Equation 69.1 
of RR to dctcnninc the total intensity of the combined waves. 
This gives 
(24) 
and hence 
( 18) where 1: and /~ arc the intensities of the two waves aficr trans-
mission. Substituting in known quantities we get 
(19) 
Standard formulae of spherical trigonometry may be used to 
obtain the angular distances of the arcs PP., PPi, in lenns of the 
latitudes and longitudes of the end points. We obtain 
sin! ~WP,= sin1 6,, + cos 2<l>r• sin2 (1jJ,., - 91,); 
sin? !.4PP~ = sin2 61,. +cos 2cl>r• cos2 (111, .. - 0,.). 
Substituting into Equation 17 gives 
(20) 
. , 
/ I '" '" ) sm- o 1 ( ,, ., ... , ... ) 
- \'' - ,: 1 ,. - : - '-' • -- e - •'co:S'"O 1 ,. · 1'sin·O 
/ 0 cos
2 2o,,, cos2oP_. (2S) 
2 ,, ' .. ,>in'<·,. cos'o 1··r sin'v,, .in'o J' . . (· ") + ~ ---+-- .. -- ~tn.!.() cos·- - ... 
co:s?2o,, cos2o,., cos!2o,, C0$20,, 11 
Equation 25 represents the first main result of this paper. ll 
shows how the ratio of the total intensity of the transmilled light 
depends on the incident polarization angle for an arbitrary direction 
of light through a general biaxial birefringent absorbing crystal 
(keeping in mind that the initial phase lag o also depends on 0). 
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F1Gu1u: 3. The case of incident light at an arbitrary angle to the 
principal axes of the absorbance ellipsoid. The z' axis is parallel to the 
incident light, and the x'-y' plane is perpendicular to it. The intersection 
of the x'-y' plane with the ellipsoid makes an incl ined ellipse (shown as 
a darker line). The incident light direction is given by the two angles (o, 
~r) . which arc its spherical polars with respect to the x, y, z coordinate 
system. Angle (, determines the orientation of the x'-y" axes within the 
x'-y' plane. Herc we choose it to be the angle between they" axis and the 
line of intersection between the x-y and x'-y' planes. The three angles ( 9. 
ljl , (,) together arc the Euler angles that uniquely rotate one coordinate 
system (x,y,z) onto the other (x',y",z'). (Sec text for details.) 
If the combined light beam was also passed through an analyzer 
(with its own preferred polarization stale) then the action of the 
analyzer would also adjust both lhc intensity and phase of the re-
sulting beam, and in principal this could be taken into account by 
extending Equation 25. However for IR spectroscopy we assume 
we measure the complete intensity of the resultant beam. 
We now simplify Equation 25 by noting that the two waves 
that propagate through the crystal undistorted only have ellipti-
cal polarization because the principal axes of refraction and 
absorption arc not aligned. This means that in crystals with 
orthorhombic or higher order symmetry the ellipticity disap-
pears and the two propagating waves become simply linearly 
polarized (i.e., ~'" = 0). Furthermore, it is shown by RR (section 
4) that even in the most general case of biaxial crystals for most 
directions of incident light the properties of the transmitted beam 
can be determined by considering them as orthogonal linearly 
polarized waves. Spcci fically if the incident light is exactly 
along the optic axis then we have linearly polarized waves along 
the principal axes ofabsorbancc, and if" thc incident light is ap-
preciably inclined to both we have linear polarization along the 
principal axes of refraction in the cross sectional plane. These 
considerations each suggest the simplification o,,, = 0, so that 
Equation 25 becomes 
I -'k·, -'k - · ' 
- = e · '° cos·O + e - " sm·O I . 
" 
(26) 
Since transmittance of the incident light, T, is defined as // 
lo, we have 
(27) 
where 
(28) 
This expression is commonly cited in the literature as an 
empirical ly determined relationship between transmillancc and 
polarization angle when the incident light direction is along a 
principal direction of the index ell ipsoid (e.g., Libowitzky and 
Rossman 1996). The theoretical development here provides" a 
proof of the relationship for arbitrary incident light direction in 
crystals with orthorhombic symmetry or higher, which is also 
appropriate for most directions in monoclinic or lriclinic crystals. 
(As stated in RR section 4, for these crystals it will only break 
down in a small region immediately surrounding the optic axis, 
but not along it.) This result docs not appear to have been ob-
tained previously, although Turrell ( 1972) derived the same result 
(from Maxwell 's equations) for the special case of light incident 
along the b-axis of a monoclinic absorbing crystal. 
All of the analytical expressions here also depend on an 
assumption of weak absorption. As pointed out by Born and 
Wolf ( 1980), this condition corresponds 10 the case where the 
extinction coefficient, K, is much less than one. To give a specific 
example, K is 0.0899 for the "Pakistani" olivine that we have 
used to test the theory of this paper in Kovacs ct al. (2008); 
hence for this mineral the condition is clearly met. In general 
this condition will be satisfied for crystals that arc transparent 
in a standard petrographic thin section. 
To summarize the results of this section: The elliptical cross 
sections of the index and absorption ellipsoids determine the 
wave propagation properties. An angular dependence of trans-
miuance for linearly polarized light incident in any direction has 
been derived from fundamental physics. This expression (Eq. 
25) is a generalization of one previously proposed (Eq. 27) for 
polarized light incident along principal crystallographic axes of 
a crystal. The conditions under which the full expression reduces 
10 a simplified relationship (i.e., Eq. 25 becomes Eq. 27) have 
been discussed. In what follows, we show how the new theory 
leads to a convenient definition of an absorbancc ellipsoid (or 
indicatrix) that is of practical use in spectroscopy of anisotropic 
minerals. 
THE ABSORBANCE ELLIPSOID FOR LINEARLY 
POLARIZED LIGHT 
In the previous section, we derived an expression for the 
angular variation of transmittance of linearly polarized incident 
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light for an arbitrary angle or incidence, and showed that the 
simple relationship (Eq. 27) is appropriate for a wide range 
of conditions. However, spectroscopic mcasurcmcms or JR 
radiation arc oOcn carried out using absorbancc, A, rather than 
transmiuancc, T, where 
(29) 
Using Equation 27 the dependence or absorbancc on polar-
iwtion angle is 
A(O} = - loglO (Io-A_, sin2 0 + 1 o-A_ cos2 0) (30) 
where 
r ,.,,. = 1 o-A,,.:i.', r .,,, = 1 o~•····. (31) 
A convenient approximation 10 Equation 30 (in common 
use) is 10 take 
(32) 
where we have now redefined the angle 0 to be wi th respect to 
the direction or maximum absorbancc rather than maximum 
transmission as it is in Equation 30 (U - 8 - n/2). The accuracy 
ofEquation 32 will depend on the principal values of absorbancc 
in the cross sectional plane perpendicular 10 the direction oflight, 
A~fand Ar;;;;;. In the appendix, we quantify the conditions under 
which Equation 32 may be used in place of Equation 30 and 
hence Equation 27 in more detail. The results show that the two 
produce the same absorbancc as A~". A~I- 0. and also when 
A~ti'A~I - I. B) combining Equations 31 and 28. m: sec that 
both A,.,. and Am,_ depend linearly on the thickness of the crystal 
section, =· In practice then the first condition can usually be 
met by making the section thin enough. In any case, given any 
principal values a simple numerical calculation gives the relative 
error in Equation 32 (sec appendix). In what follows, we will 
assume that the conditions on A~;' and ll'~larc met and Equation 
32 gives acceptable accuracy. From here on, the theory will be 
based on the simplified absorbancc Equation 32, but because 
Equation 27 has the same fonn as Equation 32, i.e., the one is 
obtained from the other by exchanging each "T' with an "A," the 
derivations below would apply equally well to transmission, as 
given by Equation 27. In each case, the more exact expressions 
arc recovered by simply replacing each "A" with a "T," and the 
mathematics is exactly the same. 
It is straightforward 10 show that Equation 32 is the equation 
of an ell ipse. Consider the cross sectional ellipse in the x-y plane 
of Figure I a, which has the equation 
I I 
-+-= I · (/2 b1 
(33) 
Note this is the 20 equivalent of Equation 4 with a diagonal 
index matrix and z = 0. Using polar coordinates we write 
(34) 
where fl4 is the angle between lhe polarization vector and the 
semi-major axis defined as the x direction in Figure I. Combin-
ing Equations 33 with 34 we get 
..!... - .2..cos2 0 + .2..sin2 0 
1'2 (12 A b2 A 
A 
(35) 
which is the 20 equivalent of Equation 8, i.e., an ellipse with 
semi-major and minor axes given by a and b, respectively. 
I lcncc the angular expression for absorbancc in Equation 32 
corresponds 10 an ellipse with semi axes given by A ... ~s and 
A,.,~s. and radius ,1-0 >_ 
Since we know Equation 32 holds for any direction of light 
then the absorbancc functi on 11(0) must be described by 30 ab-
sorbancc ellipsoid, where the absorbancc for linearly polarized 
light al an arbitrary incident angle is given by the inverse square 
of the radius drawn parallel to the polarization vector. This di!Ters 
from the purely non-absorbing case. where the refractive index is 
given by the radius of the index ellipsoid (sec Eq. 5 rather than 
its inverse square). This inverse square relationship between 
absorbancc and the radius of an ellipsoid was also proposed by 
Becker ( 1903) and Dowty ( 1978). 
By substituting Equation 7 into Equation 37, we get an expres-
sion for the absorbancc at any point on the ellipsoid as a function 
of the polarization di rection of the incident light 
where ($,,,111r) arc the spherical coordinates of the polarization 
vector (not the direction of light propagation) with respect to the 
principal axes of the absorbancc ellipsoid. This expression has 
been previously (and correctly) stated by Asimow ct al. (2006) 
ahhough without any substantive proof. Equation 5 of Asimow ct 
al. (2006) is equivalent to Equation 36, with absorbancc replaced 
by 1ransmi11ancc. As stated above. this follows directly from 
Equation 36 using Equation 27 as the basis of the analysis. 
I laving established the 30 absorbancc ellipsoid, it is useful 
to write its equation in a Cartesian coordinate system aligned 
with the principal axes 
(37) 
or in matrix form 
x'Mx = I (38) 
where x is a position or a point on the surface or the ellipsoid 
and M is its defining matrix 
0 0 
(39) 
and A., Ab, and A< are the three principal absorbances for the 
anisotropic medium. Since M is diagonal. the values along the 
diagonal arc equal to its eigenvalues. and hence the three prin-
cipal absorbanccs of the anisotropic medium arc equal to the 
eigenvalues of the matrix governing the absorbancc ellipsoid. 
We have now established a relation between the absorbancc 
for any direction of incident linearly polarized light, in lenns of 
the radius of the ellipsoid parallel lo the polarization vector. The 
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common experimental setup in JR spectroscopy is 10 align the 
direction oflight incidence along one of the ciystallographic axes 
(as in Fig. la) and measure the absorbance of linearly polarized 
IR radiation. By rotating the system through 360° (2rr), absor-
bance measurements can be obtained as a function of relative 
polarization angle, A(0,). In this way, one can experimentally 
dctcnninc the maximum and minimum absorbancc values, A~f 
and A'~~ Repeating for all three axes gives the three principal 
polarization absorbances, A,, Ah. and Ac- Next we show, conlraiy 
10 previous assert ions (e.g., Libowitzky and Rossman 1996), 
that absorbancc measurements of unpolarized light on randomly 
oriented samples can be used for the same purpose. 
U l\POLARIZED LIGHT PROPAGATING AT AN 
ARBITRARY ANGLE 
By using the absorbancc ellipsoid and analytical gcomctiy, we 
now extend the above lhcoiy established for linearly polarized 
light to the general case of unpolarized light propagating in an 
arbitrary direction. Our aim is to show that, contraiy lo assertions 
in recent literature, absorbancc measurements of unpolarized 
light may be used 10 detennine the three principal absorbanccs 
and also the total absorbance of the sample. 
The geometrical situation is shown in Figure 3. I-I ere the direc-
tion of propagation of light is al an arbitraiy angle 10 the three 
principal axes (x, y, z) of the absorbancc ellipsoid. We use two 
angles 10 describe the propagation direction. The first ,$, is the 
angle between the incident light and the =-axis. The second ~1, 
is the angle between the x-axis and the projection of the incident 
light onto the x-y plane. These angles arc simply the spherical 
polar angles for any point along the line of the incident light. The 
angles($,'!') also define the plane perpendicular to the incident 
light, which we call the x'-y' plane. The intersection of this plane 
with the absorbance ellipsoid fonns an ellipse (shown in Fig. 3). 
It is convenient to define a second set of axes, which we call 
(x', y', z'), such that z' is aligned with the direction to the incom-
ing light, while x' and y' are perpendicular axes within the x'-y' 
plane. Both z' and the x'-y' plane are completely defined by the 
direction of light, but there remains some freedom in choosing 
the x' and y' axes, since any pair of perpendicular axes in the 
inclined plane wi ll do. To make the new set of axes complete 
we introduce another angle, l,, which is the angle between the 
y' axis and the line fanned by the intersection of the x-y and 
x'-y' planes. The new axis system is inclined to the principal 
axes of the absorbancc ellipsoid, but is more convenient as ii 
aligns with the incoming light direction (see Fig. 3). This setup 
is exactly the same as considered before, with the absorbancc for 
any polarization vector within the x'-y' plane given by Equation 
32. Therefore ifwc sum the absorbanccs over all angles 0 in the 
x'-y' plane we get the total unpolarized absorbancc 
I 2, 
A00P0 1(c;>,1!J)= -J A(O)dO. (40) 
2TI O 
Using Equation 32 we have 
A (0,1!>) = .....!llll. cos- OdO +--lll!il. sin- OdO 
1 
Aunpol ( <P. 'lj;) = 2 (Amin + ;lm>x ) • (42) 
1 lcncc, the total unpolarized absorbancc is just the average 
in the extremal polarized absorbances defined by the inclined 
ellipse. Moreover we know by analogy 10 the 3-D case, that the 
extremal polarized absorbanccs 11:;:;1 and 11 ·;;;~ are equal to the 
eigenvalues of the 2 x 2 matrix governing the inclined ellipse. 
Hence we have 
A (~> •11 = ].. (e . e ) 
unpol 'I· ' "? ) 2 mm + m:ix (43) 
where em,,, and e,,,,, are now the eigenvalues of the inclined ellipti-
cal cross section defined by the propagation direction($,'!'). 
Since Equation 43 is based on the approximate expression 
for angular dependence of absorbancc Equation 32 rather than 
the more accurate Equation 30, this will introduce some error 
in the unpolarized absorbancc. In the appendix, we show results 
quantifying this error as a function of A~!and A'~~ 
Our aim is now to fi nd the relationship between the absor-
bance of unpolarized light in the($, ~1) direction and the three 
principal absorbanccs (A., Ab, and A,) of the full ellipsoid. Since 
the principal absorbances are equal 10 the eigenvalues of the 
matrix, M, the problem to be solved is one of geomctiy, namely 
we require the re lationship between the eigenvalues of the el-
liptical cross section (e,.,,., e,.,_) with those of the full ellipsoid 
(A,, Ab, and A,) in Figure 3. 
The key lo solving the geometrical problem is to notice that 
if we were able to !ind the equation of the ellipsoid in terms of 
the (x', y', z') coordinate system, then that of the required ell ipti-
cal cross-section would be obtained by selling z' = 0. A general 
method for relating the two coordinate axes systems is Euler's 
theorem, which says that any set of orthogonal axes (x, y, z) can 
be rotated onto any other (x', y', z') using three Euler angles. The 
procedure is the following: First rotate the system about the z-
axis through an angle \jl; then rotate about the "rotated y-axis" 
through angk (jl. finally. rotate about the rota ted z-axis through 
the angle l, (sec Zwillingcr 1996 for full details). As can be seen 
from this description (and Fig. 3) the three Euler angles(<:), \jl, 
l,), arc exactly those used above 10 define the coordinate axes 
x', y', z' in the first place. 
Euler's theorem tells us that the coordinates of any point 
in the old coordinate system, x, can be converted into the new 
coordinate system, x', by 
x = Rx' (44) 
where R is known as the Euler rotation matrix given by 
[
cos( ·coso·cos l' - sin( ·sin 1..· . 
fl sin( · cos,, i cos(..·coso · sin \..'. 
- cos( · sm v. 
- sin(. COSO·COS \. - COS( -sin l \ S~O (» C~S \: ] 
sin( · COS(f •sin .:· I cos( ·COS t.: . SIO O •SIO .._. 
sin<•· sin(. cos6 
(45) 
To sec that the Euler matrix works, examine what happens 
to a point on the incident light axis, i.e., with coordinates (x' = 
0, y' = 0, z' = 1). Mult iplying this vector with the R matrix in A 12". , A . 12". , 
unpol 2 TI 2 TI 
0 0 
and after integration we get 
( 41) Equation 44 we see that the coordinates for the same point in 
the old (x, y, z) system arc just the third column of the matrix 
R. These arc just the spherical polar coordinates of a point on 
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the incident light axis given earlier in Equation 7, which is the 
correct result. 
We arc now in a position lo derive the equation of the ab-
sorbance ellipsoid in the new coordinate system. We simply 
substitute Equation 44 into Equation 38 and get 
(Rx')7M(Rx') = I - • x'1'R1MR x' = I. (46) 
This may be wrillcn in the form 
(47) 
where S is the governing matrix for the ellipsoid in the new (x', 
y', z') coordinate system 
S = R'MR. (48) 
Note that S is symmetric, but no longer diagonal, as it was in 
the original coordinate system. Since R is an orthogonal matrix, 
the coordinate transformation of Equation 44 docs not change the 
eigenvalues of M, hence S and M have the same eigenvalues. 
(This can be verified quite simply from a geometrical perspec-
tive. Multiplication by matrix R only represents a rotation of 
coordinate axes, and so the lengths of semi-axes of the ellipsoid 
do not change. Hence its eigenvalues, which are determined by 
the semi-axes, also do not change.) 
For convenience of notation we write the elements of the 
symmetric matrix Sas 
SI I Sl2 S13 
S = S12 S22 S23 (49) 
S13 523 S33 
As noted above, the equation of the inclined ellipse is found 
in the rotated coordinate system by selling z' = 0 in Equation 
47, which gives 
=> (x' /)(SI I 
s,2 
which we write as 
1- =I • s , ](x') 
S22 y' 
(x' /)s,, (;:) = 1 
(50) 
(51) 
(52) 
where S,, is the 2 x 2 sub-matrix in the upper left hand comer ofS. 
The entries ofS,, dctenninc the size and orientation of the inclined 
ellipse in Figure 3. We know from Equation 43 that the average 
of its eigenvalues (e ... ;., em,.) will be equal to the unpolarized 
absorbance measured in the direction($, 'If). Before proceeding 
we can simplify things by recalling that eigenvalues of matrices 
are unaffected by a rotation of axes. Therefore it docs not matter 
where the x' and y' axes arc positioned so long as they are in 
the x'-y' plane (sec Fig. 3). This means that we can choose any 
convenient value for the Euler angle I;,, since it only rotates the 
new axis system within the x'-y' plane. Let us choose the value 
I;, = 0. In this case, the rotation matrix R simplifies to 
[
coso·cos i!J, - sin u, sin <f> ·cos tl> 
R = cos <j> :sin t)>, cos '1;, sin <!> ·sin c 
- Sill <'.>, 0, COS O 
(53) 
With this simplification we can evaluate each term in the 
sub-matrix S,, using Equation 39 and 48 to gel 
S1 1 = A,cos2¢cos21j1 + Ahcos2$sin21V + A,sin~6 
s 12 = A,sin2111 + Abcos21V 
S1 2 = - A.cos<Pcos\j1sin11  + Abcososin1j1cos\j1. 
The eigenvalues ofS,, arc the solutions of the equation 
dct(S,, - el) = 0 
which leads to a quadratic equation for the eigenvalues, e 
This has solutions 
and hence 
I 11 2 , l 12 
emax = 2(s11 +s22)+ 2 (s1 I -S22) + 4sj2 
I 
emin = ~{s, , + s22 )- ~[(s,, -s22)2 +4s~2l 2. 
(54) 
(55) 
(56) 
(57) 
(58) 
(59) 
Hence combining Equation 59 with 54 and substituting into 
Equation 43 we arrive at the required expression for the unpolar-
ized absorbancc as a function of the direction angles(©, 1v): 
A.,,""1($,~1) = Yi[A,(cos2$cos2\jf + sin21j1) + 
Ab(cos2$sin2~1 + cos1\jf) + A,sin2¢]. (60) 
As a check on the correctness of the expression, we can see 
if it reproduces the known solution in special cases. When light 
propagates along the z axis, we know from the earlier discussion 
that the unpolarized absorbance should be the average of A, and 
Ab. This direction corresponds to the case qi = 0. Substituting in 
Equation 60 we sec that the 11  terms drop out and we recover 
the expected result 
A~nPol = ~I A, + Ab] . (61) 
Similarly for light along the x-axis(¢ = n/1, 111 = 0) so that 
(62) 
and for light along the y-axis($ = rr./2, IV= rr.12) so that 
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In each case the expected result is recovered. The unpolarized 
absorbance expression (Eq. 60) was derived from an absorbancc 
ellipsoid for polarized light. We might ask then whether the above 
expression for unpolarized absorbance also corresponds to an 
ellipsoid. By using standard trigonometric identities Equation 
60 can be rearranged into 
Aunrot(cli,111) = Y2(Ab + A<)sin2~'>cos211r + Y2(A, + A<)sin2<)lsin2111 
+ 'h(A, + Ab)cos2$. (64) 
Comparison with Equation 8 shows that this is also the 
equation of an ellipsoid with principal values given by A~"""" 
A~"""" and A~"""' along the x, y, and z axes, respect ively. Hence 
the absorbancc ellipsoid for polarized light leads naturally to an 
absorbancc ellipsoid for unpolarized light [represented now in 
terms of the incident light direction(~'>. \JI)]. The principal (cigen) 
values of the polarized indicatrix arc directly related lo those of 
the unpolarized indicatrix through Equations 61 to 63. Together 
with the derivation of Equation 27 from fundamental physics, 
Equations 60 and 64 constitu te the main results of this paper, 
and do not appear to have been obtained previously. 
Thus far, the crystal property known as optical act ivity has 
been ignored in this paper. Optical ac tivity occurs when the 
absorption tensor [~] is not symmetric, and is possible in rock 
forming minerals (e.g., quartz). The theory of light propagation 
can be extended to deal with this case (details can be found in 
RR). The main effect of optical activity is to produce a rota-
tion of linearly polarized light as it travels through a crystal, 
which would degrade its usefulness in absorption spectroscopy. 
However, because unpolarized light is the summation of linear 
polarized light over all polarization angles, it is invariant to a 
rotation within the polarization plane. 1-lencc unpolarized mea-
surements give average estimates over all polarization angles, 
thereby circumventing problems in absorption measurements 
due to light rotation in optically active crystals. 
ESTIMATING PRINCIPAL Ai\D TOTAL ABSORBANCE 
FROM UNPOLARIZED M EASUREMENTS WITH RANDOM 
ORIENTATIONS 
With an expression for AuorotC<!>.111) in hand, we can now ask 
the question, "If many measurements of absorbancc were taken 
using unpolarized light for samples with random orientations, 
what does our expression predict would be the average unpolar-
ized absorbance?" The answer is found by integrating Equation 
60 over the sphere containing all angles($. \jt), i.e., we have 
(65) 
Substituting Equation 60 into Equation 65 and carrying out 
the integration we obtain 
avs I ( ) I I A 1=- !I + Ab + A = - 1 10 1 · unpo 3 o c 3 (66) 
In words, the ratio of the sum of the principal absorbanccs 
of the sample to the average of the measured unpolarized absor-
bance values over many random orientations is equal to 3. 
Equation 66 provides a direct means to estimate the sum of 
the principal absorbanccs in an anisotropic sample from many 
measurements of unpolarized absorbance over randomly oriented 
directions oflight. I lowcvcr we can go further and ask whether it 
is possible to recover all th ree individual absorbanccs (A ., Ab, A<) 
from unpolarized measurements on random samples? It turns out 
that this is indeed the case, and to see why we must first determine 
the maximum and minimum values of A •• ""i(<P,111) over the sphere 
(i.e., all directions o. 111). This can be done using standard methods 
of calculus (sec Arfkcn 1985). The angles for which A0.,,.1(1Jl,o/) 
reaches a maximum or minimum arc those for which 
DA.,nvot - 0 
ai.p - , 
C>Aunpol = O. 
8 1j1 
(67) 
The algebra is straightforward and omined here. The result is 
that A0 ,ro1(0,1v) has its extreme values when the light propagates 
along axis directions, which arc the special cases considered 
in Equations 61- 63. lfwe use the notation A. to describe the 
minimum of the three principal absorbances, Ab for the middle 
value and, Ac, for the maximum value this gives 
;1min = .!_IA +A I 
unpol 2 > b 
and 
A"'" = .!_1;1 + /1 ]. 
unpol 2 b c 
Rearranging Equations 66, 68, and 69 we get 
Aa = 3A;.~~1- 2A~~~1 
Ab = 2(A::;~, + A~':;';,1) - 3A,~.~t 
A,= 3;1;,~~I - 211~~:;.1. 
(68) 
(69) 
(70) 
These expressions allow the three principal absorbanccs to be 
found in tenns of quantities that can be detem1ined experimen-
tally. (Note that using this approach we obtain the three values 
of the principal absorbances, but without any infonnation on 
their orientation.) Given a series of measurements of unpolarized 
absorbance on randomly orientated samples, a, (i = l , ... ,n) with 
estimated errors,£, (/ = l , ... ,n), the minimum, A~;P<,i. maximum 
A':;t,~i, and average A~~f,.1 can be calculated, and Equation 70 yields 
the principal components. The most useful quantity is likely to 
be the total absorbance, which can be found direc tly from the 
average observed absorbance (Eq. 66). To summarize, the theory 
presented in this section shows that the absorbance of unpolarized 
light in a single direction is related to the principal absorbanccs 
projected onto the corresponding cross sectional plane (through 
Eq. 60); therefore, by combining measurements from multiple 
light directions, both the total absorbance and the principal ab-
sorbances of the crystal can be resolved (through Eq. 70). 
In any estimation procedure, it is worthwhile knowing how 
observational errors, £1 (i = l , ... ,N) propagate into the quantities of 
interest. For the averageA~~to" we can use the minimum variance 
estimator (see Papoulis 1991) to take account of the observational 
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errors in fanning the average. i.e .. we get 
N E-2 
.,. I: w =--·-
" o = 11'(1 • ' N . 
unpol 1 1 " _ ., 
'I L..,:.,· 
(71) 
I 1 
This has a corresponding standard error 
IV 
o- = w :-· , I: , :avi; , - , (72) 
I I 
and gives an estimate of the total absorbancc 
(73) 
I lcncc we have a mechanism for estimating total absorbancc 
and its e1Tor from individual measurements of unpolarized absor-
bancc on rnndomly oriented samples. For the ordered principal 
absorbanccs A., Ab, and A" we write their standard errors as o,, 
cri, and cr3• A straightforward analysis of error propagation gives 
the following expressions: 
cri = 9cri,; + 4cr;.., - 120 .. ,cr ... " 
cr~ = 9cri,, + 4( cr, .. , + cr..,.)2 - t 2cr.-~( Orr,., + o .. m) 
cr~ = 9cri-. + 4o~.,- 120,.,cr .. ,. (74) 
where o..,,. and cr,,, ... arc the standard errors in the estimated 
minimum and maximum absorbancc, respectively. It turns out 
that errors in maximum and minimum values are often difficult 
10 dctenninc accurately. In the example below, we use a simple 
bootstrap procedure (sec Efron and Tibshirani 1993) 10 estimate 
cr., 02, and o3 directly. 
A NUMERICAL EXAMPLE 
To complete this paper, we include a numerical example to 
illustrate how the theory presented here may be used in practice. 
We use a synthetic test involving fixed principal polarized ab-
sorbance values and demonstrate the procedure for recovering 
the total absorbancc as well as the individual principal absor-
banccs. For our synthetic test we choose values A., = J .89, /lb.= 
4S.60, and II,= 80.94 that gives A,"' = 128.43 (these integrated 
absorbancc values in units of cm· 1, were measured on olivine by 
Kovi1cs ct al. 2008). We then simulate many random directions 
and calculate the unpolarized absorbancc for each from Equa-
tion 60. This constitutes our synthetic data set. [Note that truly 
random light orientations ( ¢. ljl) should be defined from spatially 
uniform points on a sphere, and not uniform random angles 
between 0 < Q < 1t; 0 < 1v < 2n. which would not give uniformly 
distributed points on a sphere.) Figure 4 shows a histogram of 
I 04 absorbancc values generated in this way. Note the increase 
in frequency near the middle of the distribution and the abrupt 
cut-offs at the tails. 
By calculating the maximum. minimum and weighted aver-
age of the synthetic absorbance values we can determine total 
absorbancc using Equation 73, and principal absorbances using 
Equation 70, as shown in Figures Sa-Sc, where the calculated 
absorbanccs arc plotted as a function of the number of syntheti-
cally generated data that were used. For the total absorbancc the 
estimated error is determined from Equation 73. while for the 
principal absorbanccs standard errors arc dctcnnincd using the 
bootstrap (Efron and Tibshirani 1993) directly from the data val-
ues, a, (i = I, ... , IO'). In all cases. we sec that the estimated total 
absorbancc and the principal absorbanccs converge to their true 
values as the numbcrofabsorbancc data increases. With IOOOO 
data, the recovered values arc;/,.,. = 128.36 ± 007( Io), and A.= 
80.87 ± 007( I er), Ab = 4S.66 ± 007( I er), and A, = 80.87 ± 007( I cr). 
This number of data is much larger than would be achieved 
in practice, but it illustrates the correctness of the estimation 
procedure. (I !ere standard cmors arc determined by neglecting 
the errors in ;/~~::01 and A·~~~ ... which would be extremely small 
at this number of samples.) 
The important issue is how fast the error decreases as the 
number of measurements increase. As expected the total ab-
sorbancc is the fastcsl 10 converge since it is based only on the 
mean of the dis1ribution where many more random samples arc 
likely to fall (sec Fig. 4). I lcrc the error estimate was evaluated 
with Equation 73 using input errors of6% on each sample, i.e., 
e, = 0.06 x a., and a reasonably accurate recovery is achieved 
with between I 0 and SO measurements, and even at I 0 samples 
errors arc under 20%. 
The principal absorbanccs arc more difficult to estimate be-
cause they require sampling in the relatively unpopulated tails of 
the distribution. Nevertheless all three arc recovered reasonably 
well with 10- SO measurements. With the approach outlined in 
this paper it should be possible, for example, to make sufficiently 
accurate estimates of total absorbancc 10 quantify water contents 
of nominally anhydrous minerals with anisotropic crystal struc-
tmcs, avoiding technical diflicultics involved in use of polarized 
light. This wi ll be demonstrated empirically in the companion 
paper (Kovacs ct al. 2008), where the theory presented here is 
tested on actual measurements ofabsorbancc with both polarized 
and unpolarized light. 
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be calculated and then inserted into Equation 70 to retrieve the princ ipal 
polarized absorbanccs. ;I., A., and If,. 
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FtGURE S. (a) Total absorbancc A, .. calculated using Equation 73 as a function of the number of simulated measurements for random light 
incidence direction. The dashed line represents the target value of 128.43. The error bar shows the effect of prop;1gating a 6% ( la) error in the 
simulated absorbancc values. As the number of samples increases the result converges to the correct solut ion and the error value decreases. (b) shows 
the calculated principal absorbance A,; (c) is for A.; and (d) is for A,. For the principal absorbance calculations, the standard errors were determined 
using the bootstrap technique (sec text). In all cases, the dashed lines represent the tmc values and error bars arc three standard deviations. The 
estimation procedure clearly converges to the input values, with the total absorbance being the fastest. 
ACKNOWLEDGMENTS 
We 1lrnnk Ori:in Kennell for fmilful discussions. :111d Eugen Libowitzky :111d 1wo 
anonymous reviewers who provided 1horough. speedy. and s1imula1ing reviews of an 
earlier version of1h is 111:111uscrip1. and Paul Asimow for his edi1orial handling. 
R EFERENCES CITED 
Arfken, G. (1985) M:11he111a1ic<1I me1hods for physicis1s. 3rd edi1ion. 2 15 p. Aca-
demic Press. San Diego. 
Asimow, P.O., S1cin. L.C .. Mosen folder. J.L. . and Rossman, G.R. (2006) Quar11i1a-
tivc polarized infrared analysisof1rnce OH in p<>pula1ions of randomly oricnlcd 
mineral grains. American Mincralogisl. 9 1, 278- 284. 
Becker, A. (1903) Kris1allop1 ik, 362 p. Ferdinand Lickc. Stuugart. 
Bell. D.R .. Rossman, G.R. Maldencr. J .. Endisch, D., and Rauch. F. (2003) Hy-
droxide in olivine: A quan1i 1ativc dctcnnina1ion of lhc absolu1c a111ou111 and 
calibra1ion of the IR speelnnn. Journal of Geophysical Research, 108(B2), 
2105. DOI: I0.1029/200 1JB000679. 
Bell, D.R .. Rossm:1n, G.R .. and Moore, R.0. (2004) Abundance :111d par1i1ioning 
of OH in a high-pressure magma1ic sys1c111: Meg:icrys1s from 1he Mon:istcry 
kimberli1c, Sou1h Africa. Journa l of Pc1rology, 45, 1539- 1564. 
Bloss, F.D. ( l 961) An in1roduction 10 the mc1hods of op1ical crys1allography. 294 
p. Hoh Rinehart and Winslon, New York. 
Som. M. (1933) Optik, 275 p. Springer. Berlin. 
Bom. M. and Wolf, E. (1980) Principles ofOp1ics. 61h edition. 952 p. Pergamon 
Press. New York. 
Dow1y, E. (1978) Absorp1 ion of optics of low-symmetry crystals - application 
10 1i1anian clinopyroxcnc spce1ra. Physics and Chc111is1ry of Minerals. 3. 
173- 181. 
Efron. B. and Tibshirnni, A. (1 993)An irnroduction to 1hc boo1str:1p, 256 p. Chap· 
man Hall, New York. 
Fresnel. A. (IS66) Oeuvres Completes I, 731 p. lmprimeric lmpcria k , Paris. 
Flc1chcr, I.. (1892) The op1ical indicatrix and 1hc 1rans111issio11 of light in crysials. 
Mineralogical Magazine. 9, 278- 388. 
Kliger, D.S .• Lewis. J.W .. and Randall, C.E. (1990) Polarized light in optics and 
spectroscopy, 352 p. Ac:idemic Press, San Diego. 
Kov:ics. I., Hern1:1nn. J., O'Neill. H.$1.C .. Fitz Gerald. J .. Sambridgc. M., and 
llorv:ilh, G. (2008) Quan1i1a1i vc absorbancc spcc1roscopy wi1h unpolar-
ized lighl. Para II: Expcri111en1al cvalua1ion and development of a protocol 
for <1u:mtitt1tivc analysis of mineral IR spectra. American Mincr:ilogist, 93, 
765- 778 (this issue). 
Libowitzky, E. and Rossm:111, G. (1996) Pri nciples of qu:1111iw1i,·c absorbancc 
measurements in anisolropic crystals. Physics and Chcmislry of Minerals. 
23. 319- 327. 
Nesse. \V.D. (1986) lntroduc1ion to optical mineralogy. 326 p. Oxford University 
Press. New York. 
Nye, J.F. (1957) Physical properties of cry,;1als. 322 p. Oxfonl Univer.;ily Press. U.K. 
Panch:iratn:1111. S. (l 955) The propaga1ion of light in absorbing biax i:il crys1als- I. 
Theoretical. Proceedings of Indian Academy of Sciences A. 42. 86- 109. 
44 
I. Kovacs 
SAM BRIDGE ET i\L.: IR INDICJ\TRIX TliEORY, PART I 
Appendix V 
763 
P:lJ>Oulis. A. ( 1991 ) Prob:ibili1y. Random Variables. and S1ochas1ic Processes, 3rd 
ediiion, 345 p. McGrnw-Hill. New York. 
Phcmisicr, T.C. ( 1954) r lctchcr's indicatrix ;111d thcckctromagnclic theory of light. 
American Mineralogist, 39. 172- 192. 
l'ockcls. r.C.A. ( 1906) Lchrbuch dcr Kristalloptik. Tcubncr, Leipzig. 
Ramachand ran. G.N. and Ramascshan. S. ( 1961) Cryst:il Optics. I landbuch dcr 
Physik. p. 1- 217. Springer-Verlag. Ucrlin. 
Turre ll , G. (1972) Infrared and Raman Spectra of Crys1:ils. 356 p. London. 
Academic Press. 
Voigt. \V. (1902) On the behaviour of pkochroitic crysals along dircciions in the 
neighbourhood of an optic axis. Philosoph ic;il Magazine. 4. 90-97. 
Zwillingcr. D. ( 1996) Srnnd:ird ma1hc111:11ical wblcs and formulae, 544 p. CRC 
Press. Uoca Ra1on, Florida. 
MANUSCRIPT RECEIVED MARLll 30. 2007 
MANUSCRI PT ACCEPTED DECEMBER 26, 2007 
MANUSCRIPT llANDLW UY PAUL 1\SIMOW 
APPENDIX 
Accuracy of the A(0) expression for polarized and 
unpolarized light 
In this paper, we have developed the theory for unpolarized 
light in terms of absorbancc rather than transmittance. This was 
done simply because absorbancc is the quantity most convenient 
to use in JR spectroscopy (see Kovacs ct al. 2008 for a discus-
sion). In doing so we made use of the simplified Equation 32 for 
absorbance over the more accurate Equation 30 for transmittance. 
As noted above this is unnecessary from a mathematical perspec-
tive since the entire theoretical development is unchanged if the 
transmittance Equation 27 is used rather than the absorbancc 
Equation 32. We simply replace each "A" expression with a "T' 
expression. In the appendix we evaluate the error introduced in 
making use of Equation 32. 
Appendix Figure I a shows the percentage error in the polar-
ized absorbance estimate produced by Equation 32 for a particu-
lar polarization angle of 0 = 45°, as a function of the principal 
values of the absorbance ellipsoid in the cross sectional plane. 
More specifically, ifwc writcA.,,,i0, 11;;;;;; A';;g!) for the absorbancc 
given by Equation 30and11,PP''"(O, A~l~ A';;gl) for the value given 
by Equation 32 then the function contoured in is 
l;I (0 ;1min A"'"") - A (0 ;1min II'"" >I opprox ' pol ' pol . 1ruc ' pol ' pol X I OO 
11,ruc<O, 11;:;,;0 , 11;:;,~") (75) 
where 0 = 45° in Appendix Figure la and O = 80° in Appendix 
Figure I b. There arc two inOuences on the error function. The 
first is the magnitude of the principal absorbances in the cross 
sectional plane, as A~r and 11 •;;-:1 decrease the error decreases to 
zero. However as 11;::,~· /A;::,;' - I , the error also decreases, and 
this is the more dominant inOuenee. The lighter shaded contour 
of I 0-20% error provides a marker for examining the inOucncc 
of polarization angle, 0. The angle 0 = 45° corresponds to the 
worst case, i.e., the error is larger for given values of A~rand ;1•;;;1 
compared to any other angle. As the polarization angle tends to 
90° (and also 0° by symmetry), we see that the en·or decreases 
everywhere. For a large part of the region, the error is less than 
I 0% for a wide range of principal values. In the limit of 0 = 0° 
or 90° it is clear from Equation 32 that the error will be zero for 
a ll values of A~rand A·;;g~ 
Appendix Figure I c shows a similar plot for the unpolar-
ized case as a function of A'P::l' and ll';;g!, i.e., the percentage 
error between the Aunroi produced by Equation 42 and from the 
integration of full Equat ion 30 over 0. More specifically we 
plot the functi on 
11(11 + A )-A I 2 ma.'( ml:< tmp<>l.tni¢ X } OO 
a) 
b) 
c) 
;lunpol,1ruc 
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ArPENOIX FIGURE I. Percentage error in polarized absorbancc 
oblaincd from simplified Equa1ion 32 comp:m:d 10 !he more accura1c 
Equation 30 as a function of principal absorbanccs J\ I and A2, where 
A,.,,, is the smaller of A l and A2, and A,." is the larger. (a) Polarization 
angle 0 = 45°; (b) for 0 = 80°. As the principal absorbance va lues tend 
to zero, or each other, the error decreases. As the polari1A1tion angle tends 
to 0° or 90° the average error across the plane also decreases. (c) This 
is a similar plot for unpolarized absorbanee found by integrating the 
expressions Equations 30 and 32 over polarization angle. These plots 
allow us to determine the experimental conditions under which Equation 
32 accurntcly replicates Equation 30. 
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where 
2~ 
Aunpol.•n•c = - 2~ f log10 (I 0-'1- · sin2 0 + I 0- A_ cos2 0 )do· 
0 
Since no analyt ical solution exists the latter integral may 
be evaluated numerically. For unpolarized light, the error lies 
somewhere between the two previous cases, but again the con-
tour map has the same overall shape. To make use of the angular 
absorbance expression in Equation 42 for unpolarized light, we 
need to have experimental conditions that correspond to the low 
error region. Since both A~i' and A'~' depend linearly on thick-
ness of the crystal section, then even in extreme cases one wi ll 
be able to reduce thickness to the point where this condition is 
met for any light direction. Evaluation of these error functions is 
most conveniently achieved through a simple computer program, 
which is available upon request (to the authors). 
46 
I. Kovacs Appendix V 
American Mineralogisr. Volume 93. pages 765- 778, 2008 
Quantitative absorbance spectroscopy with unpolarized light: Part II. Experimental 
evaluation and development of a protocol for quantitative analysis of mineral IR spectra 
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ABSTRACT 
The predictions of the theory of light propagation in weakly absorbing anisotropic minerals arc 
tested against systematic measurements of the infrared absorbancc spectra of calcite, olivine, and topaz 
oriented in both principal and random sections, using both polarized and unpolarized light. We show 
that if the linear polarized maximum absorbancc is smaller than-0.3, or if the ratio of maximum and 
minimum absorbance is close to unity, then (I) the polarized maximum and minimum absorbanccs as 
well as the unpolarized absorbance arc, to a good approximation, linearly proportional to thickness, 
regardless of1he direct ion oft he incident light; (2) the angular variation of polarized light absorption 
is indistinguishable from the theoretical predictions wi thin the uncertainty of the measurements; (3) for 
any section the unpolarized absorbanee is the mean of the polarized maximum and minimum absor-
bancc; and (4) the average unpolarized absorbancc of randomly oriented grains is one third of the Total 
Absorbance (defined as the sum of the three principal absorbances). Therefore, calibrations relating 
Total Absorbancc to absorber concentration in minerals that have been developed from measurements 
with polarized light parallel to the principal axes may be applied to measurements with unpolarized 
light on a population of randomly oriented sections. We show that I 0 such measurements are sufficient 
to achieve a pctrologically useful accuracy. The method enables water concentrations in nominally 
anhydrous minerals to be determined from samples where the preparation of oriented specimens is 
not feas ible, such as high-pressure experimental runs and line-grained mantle xenoliths. The method 
may also be used for obtaining quantitative measurements on low-symmetry minerals. 
Keywords: Infrared spectroscopy, absorbance spectroscopy, unpolarized light, olivine, calcite, 
topaz, nominally anhydrous minerals 
INTRODUCTION 
Both the amounts of hydroxyl species (OH, or colloquially 
"water") in the nominally anhydrous minerals or NAMs of the 
Earth's mantle, and the substitution mechanisms by which OH is 
incorporated, are important for understanding a range of physical 
and chemical properties of the mantle, including partial melting, 
rheology, diffusion, electrical conductivity, and seismic wave 
:;pc.:<ls and attenuation (M ichad 1988: Bell and Ross111an 1992: 
Karato and \\'u 1993: I li rth and Kohlstcch 1996: I licr-Maju111dcr 
ct a l. 2005). Infrared (IR) spectroscopy is a particularly useful 
technique for determining the OH content of NAMs because 
it has the advantage of providing quantitative information that 
can be linked directly to the substitution mechanism (Berry el 
al. 2005; Lemaire el al. 2004; Matvccv ct al. 200 I, 2005). With 
infrared spectroscopy, the concentration of 01-1 is detennined 
quantitatively using the Beer-Lambert law, which states that 
for a section of the mineral of given thickness, the absorbance 
*E-mail: istvan.kovacs@anu.edu.au 
0003-004X/08/0506- 765S05.00/DOI: I 0.2 I 38/arn.2008.2656 765 
is proportional to the concentration of the absorbing species, 
where the absorbance is defined as the negative logarithm of 
the transmillance. The transmi11ancc is the ratio of the radiant 
energy passing through the sample to the radiant energy incident 
on the sample, i.e., /.,.//0 , and is a function oflhe wavelength of 
the radiation. The issue is how best to collect the absorption (or 
transmission) spectra for this quanti flcation. 
In principle, the absorbance spectrum ofa mineral might be 
collected using either polarized or unpolarized radiation; these 
data might then be treated either as transmission or absorption 
measurements; and the feature used for quantification either the 
peak height (called here, linear transmittance or absorbance) or 
the area under a peak, or sci of peaks (called here, integrated 
transmittance or absorbance). There arc therefore potentially six 
ways to obtain and quantify spectra, each with its advantages 
and disadvantages. Generally for nominally anhydrous miner-
als, the concentration of 01-1 has been related to the sum of the 
three principal polarized absorbanccs (called Total Absorbance), 
which may be obtained by measuring the principal absorbanccs 
in oriented samples, or from three randomly oriented but or-
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thogonal Sl'Ctions (q; .. I .ibowitzky and Rossman 19%: 1\simow 
ct al. 2006). However, the preparation of oriented samples is 
time consuming and not always possible in many pelrologi-
cally interesting situations. For example, the paucity of suitable 
grains in high-pressure experimental run products and some 
mantle xcnolilhs has prevented quanlifieation of OH by these 
conventional infrared techniques. In an attempt 10 overcome these 
problems, Asimow cl al. (2006) recently published a method 
using polarized JR-spectroscopy on randomly oriented crystals, 
but information on the orientation of the analyzed grains is still 
needed. Furthcnnorc, the quality of the polarizer also alTccts 
the measured polarized absorbanccs, which may introduce 
systematic errors if a different instrument is used from that on 
which the calibration was obtained (Libowitkzy and Rossman 
1996). Clearly, the most g..:ncral and straiglnforwartl approach 
lo determine OH contents in minerals would be to use unpolar-
ized JR spectroscopy on randomly oriented grains. Such an 
approach has been dismissed in the past because it was argued 
that unpolarized absorbancc is not linearly proportional to the 
thickness (l.ibowitzky and Rossman I CJ96). Moreover. 110 sel l'.. 
consistent absorbancc theo1y was available to relate unpolarized 
measurements to calibrations obtained from polarized spectra, 
nor to describe quantitatively the dependence of unpolarized 
absorbance on orientation. 
In a companion paper (Sambridge ct al. 2008; hcreaflcr 
referred to as paper I) , these issues have been resolved theoreti-
cally by a consideration ofabsorbance based on the fundamcmal 
theory of electromagnetic radiation through Maxwell's equations 
(Maxwell 1873). A full theory has been developed that pcnnits a 
description oft he dependence on orientation of either transmit-
tance or absorbancc. with respect to the principal axes of the 
absorbance indicatrix. Here we aim to test the predictions of the 
theory developed in paper I with systematic IR measurements 
of absorbancc spectra in calcite, olivine, and topaz using both 
polarized and unpolarized light. Approximations made in the 
theoretical treatment are tested and special emphasis is placed 
on the validity of an approximate theory that will enable quan-
titative absorption measurements on randomly oriented grains 
using unpolarized light 10 be made. We then develop a protocol 
for obtaining such quantitative analyses of OH in olivine with 
unpolarized radiation, using the calibrations made with polarized 
radiation that arc available in the literature (i.e., Bell ct al. 2003, 
2004). Other possible applications are also discussed. 
THEORETICAL BACKGROUND 
In paper I, we demonstrated that angular variation of linear 
polarized transmittance in any sections of weakly absorbing 
anisotropic minerals can be described by the relationship: 
(I) 
Although we shall henceforth treat this equation as being 
exact, its derivation employs several approximations, as pointed 
out in paper I. The first is that the mineral is not "strongly absorb-
ing," which means that the square of the extinction coefficient 
is much smaller than unity; in practice this means any mineral 
that is transparent in thin section, i.e. , not metals, sulfides, or 
oxides. The second approximation concerns the direction oflight 
propagation with respect to the optic axes of the crystal. The 
fundamental theory shows that Equation I will be accurate when 
light propagates exactly along an optic axis, and an excellent 
approximation when the light direction is sufficiently inclined 
to the optic axes, but deteriorates somewhat in accuracy when 
the light direction lies in a small region immediately su1Tot111ding 
th..: optic axes. Ramachandran and Ramascshan ( 1961 ) discuss 
this very complex issue in detai l and argue that even for the most 
general biaxial crystals the approximation wi ll be valid for most 
random directions of light. 
The relationship between transmittance (T) and absorbancc 
(A) is by definition: 
(2) 
where /0 is the light intensity incidem on the crystal and /,,, is 
the measured light intensity afier passing through the crystal. It 
follows that the angular variation of linear polarized absorbance 
obtained by combining Equations I and 2, which we shall refer 
to as the "T theory" for short, is 
(3a) 
(3b) 
The unpolarized absorbancc is the integration of Equation 3 
over all angles in a given section. This integral docs not have an 
analytical solution, so numerical imegration is necessary. 
Equation 3 can be applied 10 the linear polarized absorbance 
(i.e., peak height) of a measured IR peak. However, in many 
practical si tuations (such as for OH spectra in olivine), the part 
oft he spectrum of interest comprises several overlapping peaks. 
making it difficult to determine the linear absorbance accurately. 
This bccomcs a problem particularly ii' the peaks arc subject 
to broadening, because any difference in peak shape between 
unknown and the standards used for calibration will introduce 
error. Peak profiles (that is, height vs. width, and maybe other 
features such as peak asymmetry) may potentially be alTected 
by many li1c1ors including major clement composition. ordcr-
disorder phenomena, and defect concentrations. It is therefore 
a widely held view that integrated absorbancc (i.e., the area 
under a defined series of peaks in a spectrum of absorbance as 
a function of wavelength) is the most useful entity to relate to 
concentration (Libowitzky anJ Rossman 1997; Hell ct al. 2003 ). 
This introduces a severe practical problem. The argument of a 
transcendental func tion (like a logarithm) cannot have dimen-
sions. The absorbancc is defined as a simple ratio of intensities 
(Eq. 2), which has no dimension, but an integrated absorbance, 
as obtained by finding the area under a spectrum of absorbance 
over an interval of reciprocal wavelength, has the units of the 
reciprocal wavelength (i.e., cm-1). Hence it is not possible to 
define a logarithm of integrated absorbance, and an equation 
analogous to Equation 3b but for integrated absorbancc cannot be 
obtained. While it is always possible to convert linear absorbance 
into linear transmillancc, the conversion of integrated absorbance 
to imcgratcd transmittance is not straightforward (sec Eq. 2). 
For example, dividing the integrated absorbancc by the interval 
of reciprocal wavelength over which the integration was taken 
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produces a result that depends on where the limits of integration 
were chosen. Nevertheless, we show here, lirst theoretically and 
then empirically, that it is possible to use integrated absorbance 
measurements with unpolarized light to obtain quantitative 
data, if samples arc prepared to thicknesses that possess suitable 
absorbancc characteristics. In paper I, it is shown that Equation 
3 may be approximated to good accuracy if, in a given section, 
the linear polarized maximum absorbancc (A~I) is relatively 
small, or the ratio of the linear polarized minimum and maximum 
absorbanccs (A~', ,f~i' is close to unity, by 
(4) 
where now e is the angle with respect to direction of maximum 
absorbance. This fomrnla holds for linear polarized absorbance 
of a single peak as well as for integrated polarized absorbance 
of overlapping peaks, as is demonstrated in the Appendix. We 
shall call this approximate theory the "A theory." In contrast to 
Equation 3, Equation 4 can be easily integrated over all angles 
resulting in a simple relationship between unpolarized (either 
linear or integrated) absorbancc and polarized maximum and 
minimum absorbance in any given section: 
(5) 
It follows that the unpolarized absorbancc of an arbitrary 
sccti1111 through a Cl) stal is d..:lincd b) the major polarized ab-
sorbances (either linear or integrated), speci lied in the absorption 
indicatrix (A.= Am, •. Ab= A,.,, and A,= A_,). Consequently, only 
the two angles (6, IJI) that deline the orientation of the incident 
light with respect to the absorption indicatrix (see Fig. lb in 
paper I) arc necessary to determine the unpolarized absorbance. 
As shown in paper I, the formula for the unpolarized absorbance 
for an arbitrary angle of incident light becomes 
A0,,Poi($, 111) = 1/ 1 (/l,(cos2cj>cos2111 + sin2111) + /lb(cos?¢sin11jf + 
cos21J1) + A,sin21j1]. (6) 
This fonnula describes the unpolarized absorbancc in tcnns 
of the three principal polarized absorbanccs (A,, Ab, and A,). 
Equation 6 can be simplilicd further by constructing an unpo-
larized indicatrix from a simple transfonnation of the polarized 
indicatrix. The respective principal unpolarized absorbances arc 
the average of the two principal polarized absorbances on the 
perpendicular principal section plane [i.e., 11~""1 = 1/i(,1b +A,)]. 
For this indieatrix, the unpolarized absorbance in an arbitrary 
section is de lincd by 
A.,.,.1(0, ljl) = 1/ 2(Ab + A,)sin20cos21J1 + 1/i(;I, + A,)sin16sin2ljl 
+ 1/2(/lb + ;l,)cos10. (7) 
In paper I, it is shown that the integration of either Equations 
6 or 7 over the sphere containing all angles of 'I' and ¢ leads to 
a simple relationship between Total Absorbancc (A'°') and the 
average unpolarized absorbancc: 
I I 
;t•vs = -(A +A +A)=-1110'. 
unpol 3 • b c 3 (8) 
It is important to evaluate the error that using the approximate 
"A 1hcory" introduces. For a given section, this error depends on 
two variables: lirst, the absolute value of A'~I. and second, the 
di ffcrcnce between 11•;;;;1 and // ~I'. In a section perpendicular to 
the optic axis, where A";;i' =A~;·, Equations 4 and 5 arc exact and 
there is no error; conversely, errors will be largest for a section 
containing A, and A, where the anisotropy is 1hc most profound. 
Figure I shows how the error depends on 11~~ and A;;;;r in any 
section (for details sec the Appendix of paper I). We propose that 
an error of I 0% for the worst-case section (i.e., the A,-11, section) 
can be taken as being acceptable. Therefore, in a population of 
random sections, the errors for each section will vary from zero 
(sections perpendicular to the optic axes) to 10% for the worst 
case (the A,-A, section), so that the net error for the population 
will be considerably less than I 0%, and therefore within the typi-
cal experimental uncertainty of polarized measurements. Figure 
I shows that the limit of <10% worst-case error is achieved for 
crystals with A~~<0.3. Note that the error in the "'A theory" is 
such as to overestimate the measured unpolarized absorbancc. In 
principle it may be possible to correct results from the "A theory" 
using numerical integration of Equation 3 and estimates of the 
principal absorptions, but in practice it is much simpler to work 
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F1cu1u: I. The error from using chc approximace "A cheory"" (Eq. 
5) compared 10 the nearly exacl "T theory"" (from numerical intcgra1ion 
of Eq. 3), as a fonction of linear polarized absorptions A~I and /l~'J' . 
The cnw i> 1 l clin~d as IA16•j1- A1, •• 1]/A., .• s1. /\ctu;il values of A~i and 
A~r for samples used i11 1his study arc ploncd a~ follows: circle = topaz, 
1.66 mm chick basal section (00 I ) for the ab~orbancc peak at 2320 cm-•; 
diamonds - San Carlos olivine, sections parallel 10 (00 I) and (0 I 0), 6.448 
;md 6.336 mm chick, respectively. for the peak :II 3572 cm·•. filled smrs 
- seven calcilc sections cut parallel to the cleavage (I 0 TI) of thickness 
I \IS l\l I 95S 11m. co1111ec1eJ by the dashed l111c. for 1h.: peak :1139-13 i.:1n-1; 
open star - 4.63 mm lhick calcite section parallel 10 the c-axis [001), 
for the peak at 4272 cm-• , which was invcs1iga1cd by Libowitzky and 
Rossman ( t 996); squares= principal sec lions of th~ "l'akiscani'" olivine 
for 1hc abs01 bance peak al 3592 cm-1 (sec Table I for the thicknesses). 
The 1ectangle marks the field cowred hy random scclions of San Carlos 
olivine of6 mm thickness. 
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with smaller absorbanccs by reducing sample thickness. II is not 
possible lo make the correction for measurements or integrated 
absorption under a group or peaks, because or the lack or an 
equation analogous lo Equation 3 for integrated absorbancc, 
but preparing samples to have a thickness such that the linear 
value or II, for the most intense peak is kept to <0.3 ensures that 
the contribut ion to the net error from the other, smaller peaks in 
the group wi ll be even closer to zero. Requiring the maximum 
absorbance to be less than 0.3 is not inconsistent with other 
experimental considerations; for example, an absorbance or 
- 0.3 has been shown to give optimal precision in absorption 
m..:astm:m<.:nlS tllugh<.:s 1963: l'vlark and Gri lfohs 2001 ). 
We now test both the nearly exact 'T theory" and the approxi-
mate "A theory" against systematic polarized and unpolarized 
measurements of minerals, by analyzing mineral sections with 
a variety of principal linear absorbance values (Fig. I). First, 
we present data from sections of minerals that have sufficiently 
strong net absorbance characteristics that there is predicted to 
be a clear difference between the "A theory" and the ''T theory," 
as demarked in Figure I. We confirm that in these cases the "T 
theory" fits the data well, but the "A theory" does not. We then 
present measurements from samples wi th absorbance characteris-
tics such that the "A theory" should be a good approximation, and 
demonstrate empirically that it can be used to recover quantitative 
absorbanccs from randomly oriented mineral grains. 
METHODS 
Sample preparation 
One calc i1c. two olivin('. and one topaz crys13l were invcs1igatcd in 1his s tudy. 
For_!he calcite. a series of doubk·polished thin sections cut parnlld to 1hc cleavage 
( I 011) wi1h diftcrent lhickncss were made to invcs1 iga1c the rela1ionship be1ween 
absorbancc and 1hickncss. 
The olivine crys1als arc from Pakislan and San Carlos, Arizona. The former 
olivine was obt~1incd commercially~ its exact provenance is unknown ap:irt from 
its cou111ry of origin. This "Pakist::mi" olivine was an idiomorphic crystal with the 
green color typical of ma111lc olivine from spine I lhcrzoli1c xcnoli1hs; ii is highly 
1ransparcn1 with no macroscopic inclusions or impuri1ics. A sligh1ly dis1or1cd 
nearly cquidimcnsional cube (called here "cuboid"' for shore) was prepared wi1h 
foccs oriented perpendicular 10 the principal axes as idcn1ificd from the morphol-
ogy or lJH.' original n yst3l. The m,~asurc<l d1mcnsums of the cub,,ht wcr~ I 920 
null par;illcl 10 11001. I. 9.1.1 "'"' paiallcl I() [0 I 0 J. and 1.365 111111 p:11:1lkl 10 roo 11. 
The degree of misoricnrntion for each pair offoees was es1ima1cd by observing the 
extinction positions with a pcirologic microscope, which rcvcJlcd that the sect ions 
(00 I) and (I 00) arc nearly pcrfce1ly :iligncd wi1h the crysiallogrnphic axes. whereas 
the ;cction nont111all) (0 10) is 9' 0111 oralignmcn1. Each side of1hi> c11bo1tl \\a> 
polished successively wilh 12, 5, and 311111 Al,01 powder 10 avoid ligln scauering 
cffccis. A double polished epoxy mounl holding eleven randomly oricnlcd frng-
mcn1s of"'Pakistani" olivine wi1h a 1hickncss of 400 ± 20 11111 was also prepar<el. 
The oricnta1ion of 8 out of 11 gr.tins was succcssli11ly dctcnnincd by clec1ron 
backscauercd diffrac1ion (EBSD). Ano1hcr double-polished epoxy mo11111 wi1h 
41 randomly oriented grains and 210 ± 15 pm 1hickncss was also made from the 
same miner:1l 10 mimic lhe dis1ributio11 of unpolarized absorbanees 1hat would be 
obtained by s:unpling ofa high·prcssurc/tcmpcr.lturc experiment or simi lar col .. 
leclion of randomly oriented gr:iins. These large, lhin epoxy motuns, con1aining 
mulliplc grains, suffer from some buckling and inhomogeneily in thickness. which 
illlroduccs a small cxperimen1al unccrcai111y. 
The San Carlos olivine was kindly loaned by Ian Jackson. 11 is crystal no. I 
from the Sl\ltl} of \\'cbll (I 9~9). 11 is a cnl>oid wi1h di1llcnsions (•r7.S?O. <>.·MS. ;111d 
6 336 111111 1miall cl to 1hc 11001, [010]. and 1001 J axe.<, rc;;pcct il'cly Wchb ( 1 '>S'l) 
reports tha11hc presence oflow-angle tilt :ind 1wis1 subgrain boundaries wi1hi11 thc 
cry~tal n:sults tn uct misoric11rntio11s oflcs.s ch:m .V" 
The 1opaz is a fragmc111 from an original large gcm-quali1y crys1al. Other 
fragments fro1111hc same erysrnl arc used as EM PA standards al RSES. The section 
s1udicd (001) is raralkl to 1hc basal cleavage. The scc1ion is 1x:rfcc1ly trnnsparenl, 
and <luc.: lo the perfect clcllvagc no polishing w;.is necessary during preparation. The 
section thicknesses were measured using a Mitutoyo analog micrometer. which is 
nominally acturatc lO 3 ~trn. 
Ana lytical protocols 
Chcmic:tl analysis. ~ 1:,jor l·k111c11t an:1lys1s of 1lu: "J•ak i:;1:11u'· ol 1\'111c. w;'.:t 
corricd ou1 by a Camcca SX-100 microprobc al lhc RSES. ANU using an ac· 
ci:kr:nrng \'tillage of IS kV. a l.h.\HU currclll of~O nA. and ZAF t..:Qncclion The 
l'.('llllfli'IS1t1on "'f this oh vine 1 ~ near tl1e for~m.·1 1tc c11tl·1nc111l>cr ( \I;;; 110 - ?O 5) '''Ith 
9 O.J \\t% FcO. 0.36 "t•. N10 . aud 0 15 w1°. i\ lnO. The CaO ;uni 1\1 10 1 conlcnts 
were found 10 be porcicularly low (<0.013 w1%. the dc1cc1ion limi1), indicaiing a 
low-temperature origin. To check this aspc(.'t of1hc olivinc's provenance further. we 
undcr1ook laser-ablation ICP·MS analysis. The analy1ical melhod is described in 
Win-Eickschcn and O'Nei ll (2005), where rcprcscnlativc values of1racc clements 
in normal mamlcolivinc may be found for comparison. \Vcob1ained accuralc values 
ofCaO of0.005 ± 0.0005 wt% and for Al. an astonishingly low 0.1 ppm. The low 
CaO is similar 10 1hat in olivine from the pallasite mc1cori1c Brenham obtained 
on the same instnuncnt, but 1hi.: Al is over two orders of magnitude lower than in 
Brenham and far lower 1han any other known olivine of1errcstrial manlle compo· 
sition. Because minor or 1racc clcmcnls, particularly Ti, can influence lhc mode 
of subs1irn1ion of 011 in olivine (Berry c1 al. 2005). ii is desirable to charac1crizc 
oli vincs used for JR investigation as for ~1s possible. Other trace clements. were 
found 10 show some variabili1y bu1 reprcscniativc values of dc1cetable elcrncn1s 
arc -2700 ppm Ni. 140 ppm Co, 5010 120 ppm Cr, 1200 ppm Mn, and -2 ppm Ti 
and\" L11hium is 1101ably lugh and \'anablc t6 w 25 ppm), bu1 Na is um1:mally thw 
(below dc1cction. which is abou1 10 ppm due to 1h is clcmcnl's high background). 
Scandium is high (8 to 26 ppm) ;ind r is very low (2 10 5 ppm). Thus while 1hc 
olivin..: has rnajor·ch.'mcnt dh:nHSH) and Ni, Co. ~ rn. :1rnl Cr -.:(mCcnu-.uion~ chat 
are typical of mantle olivine. 01hcr fcaiures of its 1rnce·clcmcn1 chemis1ry arc highly 
unusual ,\ major·t..:kmcm nnalys1s of tlu: San Ca1los olivine is. ccpo11cd in \VchO 
( I 'JS9) it has Mg nu 90.5 The 1<1p;11. whid1 is used as ;111umiprubc swndard ror 
ll 1101inc. has 11.·17 wt~o F. 29 61 w1% 1\ I, and 15 .J J w1~0 Si. with 0.5 wt0 o I I a11tl 
43.02 wt% 0 cstima1cd by s1oichio111e1ry. 
Infrared spectroscopy. A Bmkcr IFS-28 infrared spec1ro111e1crmou1>1cd wilh 
an ,\ 590 Bmkc1·infhtn:d rnicrosropc s11pplic<l with a 11 i1roc,\!1H:ookd ~l('T dt.:lct.:ror 
was nsctl fur IR ;111al~s1> (sec Berry c1 ;11 2005 for fi11d1c1 dciatls) i\ 1-:131 bc:1111 
:;plluc1 anti ;1 K RS·:\ poh:trizc1 \\'Cr\! utihz\.'d for analy:;;is. Spectra W("fl' rccortkd in 
1hc range of 600 10 5000 cm '. The spectra have a rcsohuion of2 cm '.Analyses 
wt:rc made with 3 circular apt:rlurc of 70 ~tm diameter while 1hc microscope stage 
was con1inuously flushed with nitrogen. Spec1ra were processed using 1hc OPUS 
2.2 soflworc (Bmkcr. Inc.). The background w:is drawn manu:illy beneath slrctch· 
ing vibration peaks using the spline corrcclion of the Op11s 2.2 software. Although 
lhis may he 5t1hji:ttivc 10 so111 c es1~111 . it pr o\· itl~s c.:onsis1.:n1 r~-suhs (St.:t: Dell 1.!I :11 
2003: Pcslicr and Luhr 2006). The "'lnlcgnnion" and ··Peak pick" 1001 of1he Opus 
2.2 so fl ware was 1hcn used 10 measure the areas and hcigh1 of peaks. 
J\ ubiqui1ous problem wi1h JR absorbancc speclroscopy using nomina lly 
unpolarized lighl is thal some polari~A11ion occurs when 1hc Ii gin in1erac1s with 1hc 
beam spli ner and 01her rellcc1ing optic:il componcnlS. The cxtcnl of pol:iriza1ion 
can be cstima1ed by observing the varia1ion in lhc unpolarized ab~orbanccs as the 
s1agc is rocalcd about the incidcm lighl direc1ion (i.e .. incident ligh1is1he pole of 
rota1ion). and was found 10 be - 15% for our ins1n11ncn1 in 1he mos1 an iso1ropic 
scc1ions. As shown both by 1hc 1hcory in paper I :111d 1hc empirical obscrv;Hions 
prcscn1cd in 1his paper comparing polarized wi1h nominally 1111pol;irizcd spcelrn, 
1his ins1nnnen1al cffccl ma)' easily be corree1cd for by 1aki11g 1hc average of two 
mea~urcmcnls from perpendicular positions ln the section. 
EBSD :in:ilysis. The El3SD sys1cm used forth is sludy is localed a11hc Ekc1ron 
Microscopy Uni1 of the Aus1ralian Na1ional Univcrsi1y and consis1s of hardware 
supplied by Nordif 111oun1cd on a JEOL 6400 SEM wi1h conl'entional tungsten 
lil amcnl. and 1hc SO!l\\;trc pack1gc Ch;rnnch rro111 I IK I. soliwarc The beSI p;11. 
terns wcrt.· rt.'C(,nd~d at 20 k\" acccli.:1 :11i11g \'oltag.: iUhl a mm1inal beam cu1 r~nl of 
2 nA. A carbon coal (approxima1cly 10 nn11hick) was necessary 10 avoid charging 
of1hc sample. The quali1y of 1hc EBSD paucm varied from gr:iin to grain, b111 in 
most cases au10111a1ed dc1cc1ion of five 10 six bands was possible. The error in 1he 
Jctcnnina1ion of t'ncntat1on 1s lypically k s$ than 2"' Gr:1in tJt icntations ~m: sto1 .:d 
as Euler angles as a convcnicm w;ty to n::latc the orientation of 1ndividual grains to a 
1 <0 li:r~11cc coNdi11a1~ sy,;1c111. Sec raul and F111 Gcr~ld ( I 999) fo1 1i11thcr dcwils 
Unccrrninlics. All uncertain1ics in 1his paper a rc reported as ± I siand:ird 
dcvi:nion. The cxpcrimcntnl uncertainties in determining the average unpolarized 
absorbancc arc assessed as follows: (I) replica le mcasurcmenls of the 1hickncss of 
so 
I. Kovacs Appendix V 
K0\11\CS FT AL.: JR INDlC!\TRIX Tl IEORY. PJ\fff 11 769 
mineral S<.'Clions yield a srnmlard dcvi~tion of2%: howc,•c:r. where. only 1hc mou111 
and not the indivi<lu:l1 grains \n.·rc 1rn:asurcd for 1hickncss, thickness fluctuations 
due to buckling and other imperfections of sample preparation may ampl ify this 
error considerably: (2) backgrotmd subtr:iction w:is done by fiuing a spline func-
1ion manually. DiOi:rcnt choice; of where 10 anchor the spline function, as tested 
on a series of spectr:l, revcall:d that the unccn:iinty introduced by this procedure 
was usually <1%, but in dct:iil 1hc uncertainty depends on the complexity of the 
b:ickground (cf. Pcslicr aud Luhr 2006) and strongly on the qualiiyofthc spec1n1111: 
i1 may be signific;intly higher if thc spcctnun is noisy. fluctu:.uions in moisture 
content during analysis, which affects the b:ickground, can also introduce non-
systematic errors. h is assumed therefore 1hat uncer1ai111y is :1pproxim:t1ely 5% 
for each unpolarized analysis. The errors can be sign ificantly la rger for 1>olarized 
analyses because bo1h the quality of the polarizer and the dc1crmina1ion of the 
oricnt~tion of the section introduce addil iona1 unccnai111ics. 
Da1a were fined to Equations 3 or 4 by weighted non-li near least-squares re-
gr('ssion. The z2 valu('sarc calcul:ucd assuming uncertainties in individual \lllUl)•sis 
specified in the respective figure capl ions. Least-squares till ing implicitly assumes 
that the model describes the d:i1a reasonably well (e.g .. Bevington and Robinson 
2002). which is obviously not the case when we 1ry 10 fit data to the "A theory" 
outside 1he lauer·s range of applicabili1y. In thissiniation the resulting "fit" can vary 
dramatically according to how the data arc weighted, and the regressed paramck·rs 
arc more-or-less devoid of physical mc::min_g. Hcnc...: :mch lits :m;.shown on ly as a 
means ofqu::m1ifying how poor they arc. 
R ESULTS 
Testing the "T theory" 
Using Figure 1 as a guide, we selected materials that have a 
big difference in linear polarized minimum and maximum ab-
sorbances (A ';:.':~and A~?), and prepared samples with thicknesses 
that have high values of the maximum absorbance, so that the 
difference between the "A theory" and the 'T theory" should be 
much larger than the analytical uncertainty. 
Topaz. The variation of polarized absorbance in a basal sec-
tion of topaz of 1.66 mm thickness is shown in Figure 2a. The 
single peak at 2320 cnrt has all the desired features to test the 
validity of the two theories. The value oflinear ;I'~' is high ( 1.29). 
and there is a large difference between 11';;.\I and A~r (Table I). 
Figure 2b displays the ang11lar distribution of the linear polarized 
absorbancc. The data can be !ittcd very well with Equation 3 but 
not Equation 4; the shape of the angular distribution predicted 
by Equation 4 is entirely wrong, and an attempt at least-squares 
!itting oft he data (shown in Fig. 2b) cannot account for the higher 
values. The measured linear unpolarized absorbancc is only half 
of what Equation 5 predicts (Table I), which is in good agreement 
with the theoretically determined error of approximately 100%, 
as estimated for this sample from Figure I. 
San Carlos olivine. San Carlos olivine displays a strongly 
anisotropic absorbancc for OH-related peaks, wi th strong ab-
sorbance parallel to [I 00) and weaker absorbanccs parallel to 
(0 I OJ and [00 l] (Walker ct al. 2007). This material is especially 
suitable for investigating the common case of severely overlap-
ping peaks, but to sec a difference between the two theories, 
an exceptionally thick sample is needed. We have analyzed 
absorbancc in (00 I) and (010) sections of a San Carlos olivine 
cube with thickness of 6.336 and 6.448 mm, respectively (Table 
I). Figure 3a displays polarized spectra taken at difTcrcnt angles 
in the (0 I 0) section. Two major pt:aks appt:ar at 3575 anti 3525 
cm· •, and a series of minor peaks arc present. The intensity of 
peaks changes considerably with angle; however, their shape 
remains more or less the same (Fig. 3a). If the linear absorbancc 
measured at the maximum of the main peak at 3575 cm· 1 is 
plotted against rotation angle, the data can be fitted better with 
the ''T theory" than the "A theory," although the difTerence is. 
as expected, not as stark as for the topaz (Fig. 3b). because the 
absorption characteristics arc closer to those needed for the ''A 
theory" to have acceptable accuracy (solid diamonds in Fig. 1 ). 
The scatter in the measurements is almost certainly due to the 
difficult ies in extracting the peak height of one peak from a group 
of overlapping peaks, which is of course one reason why it would 
be preferable in practice to use integrated absorbancc instead. 
An easy way to check if there is a dificrencc between the "A 
theory" and the "T theory" in a given section is to compare the 
integrated values of the unpolarized absorbance to the average 
of the integrated polarized maximum and minimum absorbanccs, 
which tests the validity of Equation 5. For the (001) section the 
average overestimates the measured value by 17%, whereas for 
the (0 I 0) section the error is only 6%, and thus within our target 
uncertainty of I 0% (Table I). These errors arc in good agreement 
with the theoretical errors as displayed in Figure I. To assess the 
error of using the "A theory" for this particular crystal, we used 
Equation 7 to generate randomly IQ·' pairs of values of A';:;!~ and 
A~I' using lhc measured values of A,, Ab, and Ac- The results cover 
a rectangular area in Figure I , with the e1Tor for the population 
average (open hexagon) being 10%, with the worst-case A,-A, 
section having an error of 17%. 
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FIGURE 2. Topaz. (a) The linear absorbancc al 2320 cm· • in a 1.66 
111111 th ick basal sc..:tion (00 I)_ The angles arc defined rdativ.: 10 the 
direction of A~~ The dashed peak is the unpolarized absorbancc. (b) 
Angular variation of the linc<1r polarized absorbance for the sarnc peak, 
wilh the S<l lid ctir,·c :rnd thc <lashed curve fiu.:J 10 thi.: "T 1hcol)"' ( Eq. 3) 
and the "i\ theory" (I::q. 4), rcspecl ively, assuming an uncertainty of3% 
in cach dalllm. /\s cxpcclcd !or this highly- absorbing scc1io11. 1hc lil oflhc 
data lo lhe "T theory" is excellent, to the " i\ theory" very poor. 
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TABLE 1. Major polarized and unpolarized absorbances of minerals 
when analyzed from the principal axes 
linear absorbance at 2320 cm·• 
Direction of the incident light Polarized Unpolarized 
Thickness min max average 
(001) l.66mm 0.10 1.29 0.69 0.35 
Integrated absorbance (2240-2400 cm-•) 
Direction of the incident light Polarized Unpolarized 
Thickness min max average 
1001) 1.66mm 2.54 48.88 25.71 16.09 
San Carlos olivine 
linear absorbance at 3572 cm·• 
Direction of the incident l ight Polarized Unpolarized 
Thickness min max average 
(001) 6.448mm 0.00 0.50 0.25 0.19 
(010) 6.336mm 0.09 0.53 0.31 0.25 
Integrated absorbance (3450-3630 cm-•) 
Direction of the incident light Polarized Unpolarized 
Thickness min max average 
(001) 6.448 mm 0.0 28.6 14.3 12.2 
1010) 6.336mm 7.0 28.3 17.7 16.7 
Pakistani olivine 
linear absorbance at 3581 cm·• 
Direction of the incident l ight Polarized Unpolarized 
min max average 
1100) l.920mm 0.04 0.36 0.20 0.18 
(010) 1.944mm 0.03 0.24 0.13 0.12 
(001) 1.865mm 0.19 0.32 0.26 0.25 
Integrated absorbance (3500-3630 cm· •1 
Direction of 
the incident Principal axes are normalized to 1 cm of thickness 
light Polarized Unpolarized 
min max average 
11001 1.9 80.9 41.4 38.3 
(010) 4.2 58.S 31.3 29.0 
(001) 45.6 75.3 60.5 60.6 
Polarized Unpolarized 
1100) A• 45.6 63.3 Total 
(010) A. 80.9 41.4 Absorbance 
1001) A, 1.9 23.7 128.4 
The thicknesses that we needed lo discern any difference 
between the "A theory" and the more rigorous "T theory" in 
San Carlos olivine (i.e., - 6 mm) arc about 40x the thickness 
that would be needed lo detect I ppm H20 in this olivine on 
our instrument, assuming the calibmtion of Bell ct al. (2003). 
This in itself is good evidence that the ''A theory" will provide 
acceptable accuracy for pctrologic measurements. 
Testing the "A theory" 
Calcite. The angular variation of absorbancc in calcite for a 
section of thickness 4.63 mm parallel to (00 I] for single peaks 
al -1272. 3943. and 3586 rnr1 has been reported by Libowitzky 
and Rossman ( 1996: their Fig. I). These authors showed that 
the measured absorbanccs arc well described by the "T theory," 
as arc our da1a 0 11 topaz. The peak at 3943 cm·1 for their calcite 
section would plot as the open star along the x-axis of Figure I, 
far beyond the field of acceptable accuracy of the "A theory." 
1-lowevct~ if our predictions arc correct, the "A theory" should 
be applicable to other sections of calcite where the difference 
between the linear polarized maximum and minimum absorbancc 
is much smaller. To test these predictions empirically, we have 
analyzed the angular absorbancc in (I OJI) sections, parallel to 
the cleavage, using tht: peak at 3943 cm· 1• Seven calcite samples 
Wt:rc pr.:p<1rcd with thickncsscs or 198. 612, 918. 1240, 1504. 
1715. and 1958 ~lln. The variation of absorbance with angle is 
shown in Figure 4 for four of the sections, together with least-
a 
~ ;; 
.t:> 
~ 
..:> 
" ~
" ] 
b 
~ 
_g 
a 
.2 
" ..,
~ 
06 
05 
0.4 
03 
0.2 
0 1 
00 
= 
06 
OS 
04 
03 
02 
0 1 
0 18) 
01 
02 
OJ 
04 
05 
0.6 
3650 Xi1J 
w;wcnurnbcr (cm 1) 
········ ·A lhcory'. z '= 12 .14 
- "T lhcory", z '- 2 13 
measured 
FIGURE 3. San Carlos olivine. (a) Angular variation of the absorbancc 
spectrum between 3450 and 3600 cm·' in a 6.448 mm thick section 
paralle l to (0 I 0) The angks arc defined relative to the direction ol"A'p.':/. 
The dashed peak is the unpolarized absorbancc. (b) Angular variation 
of the linear polarized absorbancc for lhe peak at 3575 cur', with the 
s<>lid curve anti the dashed curve filled to the ·T theory·' (Eq. 3) and 
the "A lhcory" (Eq. 4), respectively, assuming an uncertainly of 3% in 
each dan1m. 
squares fits to both the "T theory" (Eq. 3) and the "A theory" 
(Eq. 4). The "T theory" fits the data well at all thicknesses, and 
the "A theory'' reasonably so, although in detail the value of x2 
for the two thickest sections are somewhat large (Fig. 4). This 
is in accord with predictions, as all sections plot within the field 
where the "A theory" is a good approximation (Fig. I). The linear 
polarized maximum and minimum absorbanccs increase linearly 
with thickness (Fig. Sa), as do their integrated counterparts (Fig. 
Sb). Both the linear and the integrated unpolarized absorbanccs 
also show a linear relationship with thickness, which, moreover, 
arc within uncertainty simply the averages of the linear and inte-
grnted polarized maximum and minimum values, thus confim1ing 
Equation S. The slope of the regression through the maximum 
linear absorbancc matches well that reported by Libowitzky 
and Rossman ( 1996) for the same p.:ak (th.:ir Fig. 3. solid I inc 
through square symbols). 
For the integrated absorbancc, the unpolarized absorbancc 
from regression of the measurements is 0.0372 ± 0.0007, whereas 
that calculated from the average of the integrated polarized 
maximum and minimum absorbances (shown as a doilcd line in 
Fig. Sb) is 0.0382 ± 0.0006. Importantly, these data demonstrate 
unambiguously that unpolarized absorbancc (whether linear 
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ant.I I 958 pm). cut parallel to the cleavage (!OT I ). The solid curves and the dasl11:d curves an: kas1-sq11 :m:s li1s to the ·T thcor\'" ( Eq. 3) and the 
"A theory" (Eq. 4), respectively, assuming an uncertainty of3% in each datum. 
and integrated) is directly proportional to thickness and tha1 the 
unpolarized absorbancc is the average of the polarized maximum 
and minimum values wi1hin analytical uncerlainty. This is our 
first piece of evidence that quantilative absorption spectroscopy 
can be achieved using unpolarized light. 
" Pakistani" olivine. In this section, we compare polarized 
measurements along principal axes with both unpolarized and 
polarized measurements in randomly oriented grains. 
Integrated absorbance in principal sections. The "Paki-
s1ani" olivine cuboid was analyzed with polarized and unpolar-
ized infrared ligh1 parallel to all three principal axes (Table \). 
Four major peaks arc pn;:;cnt in thL· range 3500 lo 3630 c1n-1: 
3611. 3594. 3581. and 3567 (±2) cin-1, which, together with a 
small peak at 3480 cm-1, arc characteristic of olivine with H 
located in a Si vacancy (Berry ct al. 2005; Lemaire ct al. 2004; 
Matvccv cl al. 2001 , 2005). [Single-crystal X-ray diffraction 
studies on high-pressure synthetic forslcritcs have been inter-
preted as showing that these bands are due to H concomitant 
with vacancic~ on oc1ahl'.dral Mg s ill'.S (Kuc.Joh L"t al. 2006: 
Smylh ct al. 2006), bul this conflicts with the thcnnodynamic, 
computational and other structural evidence presented in the 
first-mentioned references.] Another smaller peak at 3700 cm-1 
is usually attributed to serpentine (Berry ct al. 2005) and has 
not been considered further. The change of the spectra with 
orientation is shown in Figure 6. These sections have principal 
linear polarized absorbances at 3581 cm-1 that arc all within the 
I 0% error field of the "A thco1y" (Fig. I; Table I), however the 
complexity of the spectra with so many overlapping peaks means 
that quantification is only feasible with integrated absorbance. 
The integrated polarized absorbanccs along the principal axes 
arc summarized in Table I and normalized to I cm of thickness. 
The maximum and minimum values may be identified as A, and 
A, of the absorbancc indicatrix, respectively. The intermediate 
axis Ab of the absorbance indicatrix is not well dctcnnincd: the 
values obtained from the two sections that contain this axis do 
noi coincide ( 45.6 vs. 58.5). Because the (0 I 0) plane is actually 
incl ined by 9° 10 1hc corrcsponding cube !'acc. we take the value 
of Ab to be 45.6, from the belier-oriented section (Table I). 
The angular varia1ion of both integrated polarized and inte-
grated unpolarized absorbances of the peaks in the range 3500 to 
3650 cm-1 are ploltcd in Figure 7. The nominally unpolarized mea-
surements show a slight angular dependence due to the instrument 
polarization (as discussed in the Methods section), hence the true 
unpolarized absorbance was calculated from these measurements 
a\'eragcd over 360°. (Note that avcraging just two mcasuremems 
obwined 90° apmt would be sullicient 10 correct for inslru111cn1 
polarization when dctcnnining unpolarized absorbances.) There 
is good agreement between the absorbanccs measured along the 
principal axes and that calculated by Equation 4. 
Integrated polarized absorbance in arbitrary sections. The 
integra1cd polarized absorbances in arbitrary sections of olivine 
using the epoxy mount with eleven doubly polished grains were 
also measured as a run ct ion of angle at 15° intervals through 180° 
(Electronic Appendix 11). The results are fitted well by Equation 
4. Some deviant measurements, which appear to be random and 
thus not clue to the inadequacy of the theory, arc likely due to 
difficulties with analyzing a relatively large and s lightly buckled 
epoxy mount on the ro1ating stage. 
' Deposit item AM-08-021, Electronic Appendix (details of 
integrated polarized absorbanccs). Deposit items arc available 
two ways: For a paper copy contact the Business Office of the 
Mineralogical Society of America (see inside front cover of re-
cent issue) for price information. For an electronic copy visit the 
MSA web site at htlp:/lw\vw.minsocam.org, go to the American 
Mineralogist Contents, find the table of contents for the specific 
volume/issue wanted, and then click on the deposit link there. 
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F1GUHE S. Linear(a) and integralcd (b) absorbanccs as a fimction of 
1hickncss fo r 1hc pc;1k ;tl 39.13 .:111- 1 in cleavage parallel section (IOll ) 
or calcite. The dashed lin1.-s an: bcs1 li1s 1hrough lhc awragt or the 
minimum and maximum polarized absorb;mccs, for comparison with 
the unpolarized absorbances. Numbers indicate steepness of these linear 
regressions through 1he origin. The x.' values arc calculalcd assuming Iha! 
the uncertainly in absorbance is 5% and in thickness is I%. 
I ntcgrated unpolarized absorbance in arbitrary sections. 
The validity of Equation 5, already tested satisfactorily on the 
calcite sections parallel to (JOT!), can be further tested on our 
polarized and unpolarized measurements of the " Pakistani '' 
olivine. The unpolarized absorbance is always close to the 
mean of the polarized minimum and maximum absorbanccs in 
the principal sections of "Pakistani" olivine (Fig. 7; Table I). 
In the mount with eleven randomly oriented olivine grains, the 
unpolarized absorbance, which is calculated as the average of 
two perpendicular unpolarized absorbances from a given section, 
is confinned to be identical to the mean of the respective polar-
ized maximum and minimum absorbances of the same section, 
within experimental uncertainty (Fig. 8a). 
Integrated unpolarized absorbance as a function of sec-
tion orientation. For the eight grains of "Pakistani" olivine 
whose orientation was obtained by EBSD, the angles between 
the incident light (i.e., qi,'!') with respect to the principal axes can 
be determined. Using the three polarized principal absorbances 
measured for "Pakistani" olivine (i.e., A., Ab, and A,; Table I), 
the unpolarized absorbances can be calculated according to 
Equation 6 or 7 and then compared to the measured unpolarized 
absorbances (Fig. Sb). The agreement between the calculated and 
the measured values is encouraging. Apart from any error due 
to the fact that the "A theory" is only an approximation of the 
"T theory." small deviations between measured and calculated 
absorbances may arise from (I) the uncertainty of the EBSD 
analysis, which depends significantly on the pattern quali ty and 
background correction, or (2) the EBSD analyses were obtained 
at an early stage of sample preparation, when only one side of 
the epoxy mount was polished. Subsequent sectioning to - 400 
pm thickness and polishing oft he reverse side, as needed for the 
IR measurements, introduced some buckling, which may have 
slightly changed the gcomctty of some grains. 
Distribution of integrated unpolarized absorbance mea-
su red on a large number of randomly oriented grains. The 
epoxy mount with 4 1 randomly oriented fragments of"Pakistani" 
olivine was used to test whether the average unpolarized absor-
bance is one third of the Total Absorbancc (Eq. 8). Unfortunately 
due to the limitations of our rotating stage, only one absorbance 
analysis was made on each grain wi th unpolarized light on this 
large mount. rather than the two measun:mcnts 90° apart that \Vt: 
recommend. However, when the mean of the 41 measurements 
is taken, the errors due to the instrument polarization of the 
nominally unpolarized light will average out. The distribution 
of the 1111.:asur.:d absorbancc is plot ted in Figure 9a. The average 
absorbance of all unpolarized measurements is 43.1. This is in 
excellent agreement with the value of 42.8 obtained as one third 
of the Total Absorbancc (Table I). 
We then randomly generated 2 x I 0'' unpolarized absorbances 
for the " Pakistani" olivine, following the protocol in paper I. 
Thcir 1·rcqt11.:11cy histogram is plotted in Figure%. together wi th 
a curve representing the calculated probability distribution of 
the absorbancc. The calculated and measured distributions arc 
encouragingly similar considering the relatively low number of 
analyzed grains. This demonstrates that the Total Absorbance of 
olivine can be elTectively dcten11ined with a series of unpolarized 
measurements on randomly oriented crystals. 
DISCUSSION 
An example of quantitative m spectroscopy with 
unpolarized light: Determining the OH content of the 
" Pakistani" olivine 
We have successfully verified the main predictions of the 
absorbance indicatrix theory presented in paper I on the OH peaks 
in "Pakistani" olivine. Therefore we use the "Pakistani" olivine 
to demonstrate how OH can be quantified in olivine using our 
new approach. It is currently the common practice to calculate 
the concentration of OH in olivine and other nominally anhydrous 
minerals (NAMS) from the sum of the integrated polarized ab-
sorbance along the principal axes (called here Total Absorbance, 
A'"'). A slightly modified version of the Beer-Lambert law links 
OH contents to Total Absorbance: !1'0'·k = c, where k is the 
mineral-specific calibration factor, and c is the concentration of 
the analyzed species. Bell et al. (2003) determined the calibration 
factor k for 011 in olivine, obtaining k = 0. 188 ± 0.0 12 (for OH 
as ppm 1-1 10). We measure A'"' = 128.4 c1n-1 for the "Pakistani" 
olivine (Table I), which, from the calibration ofBcll ct al. (2003), 
corresponds to 24. 1 ppm of water. 
The procedure using unpolarized light on a population of 
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polarized absorbance. 
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FIGURE 7. i\ngular variation oft he integrated 
absorbance of the group of peaks in the range 
3500- 3650 cnr' for "Pakistani" olivine: (a, c, 
and c) are the integrated polarized absorbances 
analyzed from the (1 00), (010), and (001) 
directions; (b, d, and f) arc the corresponding 
unpolarized absorbanccs analyzed from the 
[J OO], [010], and [001 ] directions. Dots represent 
rnc;1surcd absorbanccs: dashed curves arc the lined 
angular distribution of absorbancc calculated 
by Equation 4. For the data fi t. IV<' assumL·d 3% 
uncertainty in the individual analysis. 
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FtcunE 8. (a) Comparison or the calculated and measured 
unpolarized absorbances or 11 randomly oriented "Pakistani" olivine 
grains. The calculated unpolarized absorbances are the averages of the 
polarized maximum and minimum absorbancc for each section (Eq. 5). 
"Measured" unpolarized absorbanccs arc the averages of two nominally 
unpolarized measurements in pcrpcndic11lar directions, which arc done 
to compensate for the slight polarizat ion of nominally unpolarized light. 
Both calculated and measured unpolarized absorbances arc normalized 
to I cm thickness. (b) Measured 11npolarizcd absorbance of8 "Pakistani" 
olivine grains is plotted against values calc11lated by Equation 7 using 
the integrated principal polarized absorbanccs, normalized to I cm 
thickness. 
randomly oriented grains would be as follows. First we need to 
establish that the sample has thickness/absorption characteristics 
that place it within the field of acceptable accuracy as shown in 
Figure I. Because the calculation of the error is not possible for 
integrated absorbance (ei ther for one peak or a group of peaks, 
because Equation 3 only applies to linear absorbancc), we instead 
detcnnine what the error would be using the linear absorbancc 
of the most intense peak. 1 f prior information on A., Ab, and II, 
of the analyzed mineral at a given thickness is available, then 
the thickness at which the "A theory'' holds can be dctennined 
using Figure I (a user friendly version of which is available in the 
electronic repository). Alternatively, it was shown in paper 1 that 
the principal polarized absorbanccs (either linear or integrated) 
can be estimated from a population of unpolarized measurements 
on randomly oriented grains (Eq. 70 in paper I) as follows: 
A 1~'= 3A~;,~1 - 2A~;:~1 
A~!1 = 3A~~1 - 2.41~~~1· (9) 
We used these relations to calculate linear polarized maximum 
and minimum absorbance (II, and A,) for the "Pakistani" olivine 
from our measurements of 4 I randomly oriented grains accord-
ing 10 Equation 9 (plotted in Fig. 1 U a~ the solid ~quarc). For 
comparison the measured principal linear polarized absorbances 
derived from the "Pakistani" olivine cuboid scaled down to a 
sample thickness of 2 I 0 ~tm is also plotted, and it matches the 
calculated values within experimental uncertainty. As for the 
San Carlos olivine sample, we randomly generated IQ·' pairs of 
values of A·~~and 11~1' for "Pakistani" olivine with a thickness of 
2 10 ~tm, as plotted in Figmc I 0. These points cover a reclangular 
field in the error diagram, with both the maximum error (the 
A.-11 , section) and the average e1Tor (also shown in Fig. JO) of 
less than 2%. The error from using the integrated absorbancc of 
the whole group of peaks wi ll therefore be less than this, that is, 
negligible compared to measurement uncertainty. 
We have demonstrated in paper I and confirmed with mea-
surements in this paper that the average of unpolarized absor-
banccs is one third of the Total Absorbancc. This means that the 
calibration factor for the unpolarized average should be three 
times the polarized calibration factor. So for OH in olivine: 
i 
Co11 = 2:A, ( 10) 
~k .3 
II /IOI 
where JI, is the integrated unpolarized absorbance of an indi-
vidual grain, which is normalized to a reference thickness, /1 is 
the number of analyses, k1.,1 is the calibration factor for polarized 
light and C011 is concentration (here in ppm). The average ab-
sorbancc using unpolarized light of 41 randomly oriented grains 
of "Pakistani" olivine is 43.1 if nonnalizcd to I cm thickness, 
resulting in 24.3 ppm of water, in excellent agreement with the 
result from the polarized measurements, which was 24.1 ppm. 
The important point is that previous calibrations developed for 
total polarized absorbancc can be applied to the averages of 
unpolarized measurements. 
Given absorbancc conditions where the ''A theory" is an ac-
curate approximation, ii is shown in paper I that the uncertainty 
in the statistical estimation of Total Absorbancc is -20% if I 0 
random grains are used, however it can be substantially improved 
if more grains arc analyzed. 
It has been recognized that the Paterson calibration with 
an orientation factor of y = 0.5 for unpolarized light (Paterson 
1982) u11dcn:sti111atcs 0 11 contents in ol ivin..: by a faclor of 
-2- 3.5 compared to calibrations using polarized light (Bell ct 
al. 2003, 2004: Koga ..:t al. 2003: i'vlos..:n ldch:r ct al. 2006). \Ve 
hypothesize that this is. within uncertainty, the factor of 3 that 
we have discussed above. 
Previous work and future directions 
A commonly held opinion among spcctroscopists has been 
that quantitative spectroscopic measurements using unpolarized 
light were not possible. This opinion flourished because of the 
Jack of a theory to describe the interaction and absorbancc of light 
in anisotropic materials. Although there have been publications 
dealing with such highly complex phenomena in the physics 
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F1cu1u: 9. (a) Frequency distribution of measured integrated unpolarized absorbance from 41 randomly oriented grainsof"Pakistani" olivine. 
nonnalized to I cm thickness. The average is indicaicd by the dashed line; (b) Frequency distribution of2 x I 0' unpolarized absorbanccs calculated 
from Equation 7 for "Pakistani" olivine, using a random distribution of angles for the incident ligh t (sec paper I for more details). The continuous 
distribution is also plotted. Thin dashed line is for the ideal average unpolarized absorbancc, and the thick dashed lines arc the unpolarized maximum 
and minimum absorbances. 
li1cratun: ( Flctch..:r 1892: l'ancharntnam 1955: Ramachandran 
and Ramascshan 1961: Szivc;o;sy 1928), th..:r..: has b..:en only 
limited adaptation of that knowledge to spectroscopy (Becker 
1903: Ccrvc llc ct al. 1970: Rovira ct a l. 1988). Without such a 
theory, quantification of absorbance has oflcn been assumed 
only to be possible using polarized measurements along crystal-
lographic or optic axes. Clearly if this were true, measurements 
on randomly oriented sections and thus a statistical approach 
to data collection would not be possible either. Another seem-
ing impediment has been the idea that unpolarized absorbance 
docs not scale linearly with thickness (Libowitkzy and Ross-
man 1996). Our 111<:asurcmc111s confirm thal i11 extreme cases 
where both anisotropy and absorbance is high, the unpolarized 
absorbancc is indeed not a linear function of thickness. but this 
by itsel f should not be a limitation if the tnic relationship were 
known, provided that the relationship is a monotonic function. In 
discussing this malt er, I , ibowi1zky a11d Rossman ( 1996) impli..:cl 
that unpolarized absorbancc can be calculated from the extreme 
polarized transmillanccs or absorbances as: 
;fur.pol = - logio[1/2(T,,,,, + T,,,;.)) = -log10(1/z( I Q-Amu + I o-Am;n)J 
( 11) 
This expression appears as their Equation 8 in their paper, 
and was used by them to calculate the unpolarized absorbance 
as a function of thickness in the section of calcite parallel to the 
c-axis plollcd as the broken line curve in their Figure 3. The idea 
behind Equation 11 was that it corresponds to the integration 
of our Equation 3 over all e. However, this is incorrect: as wc 
pointed out earlier, the integral for Equation 3 does not have an 
analytical solution. Comparison with Equation 3b shows that 
Equ111io11 11 is netual ly just thc value or A(0) at e = 45°. By 
truncating the expansions ofa' as (I + xln(a) + ... ]at the second 
tcnn and ofln( I + x) as (x + ... )at the first tenn, it is easy to show 
that Equation 11 reduces to our Equation 5 for small values of 
(A ';:.~I+ A;::;r); it is also equivalent to our Equation 5 in the special 
case of the section perpendicular to the optic axis where ;1 •;;::1= 
Ap::I' and Equation 5 is exact. Equation 11 is therefore another 
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FIGURE 10. Enlargemenr of Figure I shows thar the values of A';;.1 
and A~r (solid square) c;1 lculatcd using Equation 9 fr11111 unrolarizcd 
absorbancc of 41 randomly oricnrcd "Pakistani" olivine grains plot 
well within 1hc field where ihc "J\ 1hcury·· is indistinguishable fro111 
the "T theory." The measured values (open square) of A';!;:I and Ar:,'l' of 
the "Pakislani" olivine, normalized to a thickness of 21 O ~trn, are also 
indicated and match calculated values within uncertainty (indicated by 
arrows). The rectangle shows the area where I 0' randomly generated 
piiirs of A';;;>• and A~ calculated from Equation 7 plot, with the average 
displayed as an open hexagon. 
approximation to the integration of Equation 3 over all angles 
for low absorbances, but unlike our Equation 5, it does not lend 
itself to a convenient analytical treatment. One of the most 
important findings of this study is that if a section is within the 
field of acceptable approximation as depicted in Figure I, then 
polarized minimum and maximum absorbanccs (ei ther linear or 
integrated), A;::;;1 and A~~. as well as the unpolarized absorbancc 
calculated by Equation 5 will increase linearly with thickness, 
as empirically demonstrated for our calcite section parallel to 
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(I OTI) in Figure 4. 
The assumption that quantitative measurements could only 
be made with polarized light parallel to the principal optic axes 
of minerals has had several rather unfortunate consequences. (I) 
Spectroscopic measurements have tended to be done on gem-
quality crystals that by their very nature are not representative 
of the mineral and often cannot be related to any pctrologic 
environment (witness our "Pakistani" olivine, with its unknown 
provenance but extraordinary Al and trace-clement abundances). 
(2) The study oftriclinic minerals like feldspars has been limited 
(but see Johnson and Rossman 2003), and for monoclinic miner-
als like clinopyroxcne often only measurements along the b-axis 
arc reported (cf. Dowty 1978 ): and (3) thc design o l\:~pcri me111s 
measuring the OH content or NA Ms (like olivine) has mostly 
been compromised to produce large crystals that can be oriented, 
at the expense of crystals equilibrated lo the appropriate P-T-X 
conditions to produce the equilibrium point-defect concentrations 
that control the different kinds of OH substitution. For example, 
freed of the requirement to produce crystals large enough to 
orient, we will be able to quantify how OH solubility in olivine 
changes as a function of pressure, temperature, oxygen fugacity, 
silica activity, trace-element concentration, and H~O activity, by 
doing experiments in which we can reasonably expect to control 
all these variables, and achieve equilibrium with respect to them 
(K1w:ics Cl al. 2006). The lllClhnd opens up the possibility or 
analyzing line-grained natural samples where finding the ori-
entation of individual crystals has been difficult or impossible. 
Sample preparation is simplified, as only transparent grains of 
known thickness arc needed. 
Use or unpolarized light also has srnne major instrumental 
advantages. Previous work has shown that the quality of the 
polarizer strongly influences the accuracy of polarized IR spec-
troscopy (Libowitzky and Rossman 1996). Complications arising, 
from the rotation of polarized IR light in optically active minerals 
can be ignored for unpolarized measurements. The requirement 
of thin samples, with maximum absorption <0.3, matches the 
range of IR absorption recommended for optimal accuracy of 
absorpt ion measurements in many instruments (I lughes 1963: 
Mark and Griffiths 2001). 
We emphasize that the theory can be applied easily to mono-
clinic or triclinic minerals because the JR indicatrix in such 
minerals is no more complex than in orthorhombic minerals. 
The method will therefore allow waler contents in low-symme-
try NAMs like clinopyroxcnes and feldspars to be determined 
quantitatively by JR spectroscopy. 
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APPENDIX 
Angular variation of "integrated" absorbance 
In paper I, we derived the approximate Equation 4 (the "A 
lheory") for the case of linear absorbancc (i.e., peak height), but, 
as discussed in the text, for many applications it is necessary to 
use the integrated absorbancc ofa group of peaks. This raises the 
question of how the angular variation of integrated absorbance 
relates to the angular variation of linear absorbancc. To answer 
lhis question we lirst establish the relationship for a single 
absorbancc peak, and then extend lhc derivation to mulliple 
overlapping peaks. 
If the single peak has a Gaussian shape !hen absorbance as a 
function of e and wavelength, A is given by 
A(O,>--) = A(O)e -fi'('--'-.l' . (Al) 
Where Au is the wavelength of the peak height of the curve, 
and 11(0) is the peak absorbance. lntegratingA(9,A) between any 
two wavelengths, ), t and A.2 we have 
>-. )' 
[
• _ t (>.->._.
A1 (0,>.">--2 ) = A(O). e 2 d).,. (A2) 
>., 
Because th.: term in the integral isjusla constmH. lhe integrat-
ed absorbance A1(0) is linearly proportional to lhc peak height, 
A(A). Hence the angular dependence of integrated absorbance is 
the same as lhc linear absorbance (peak height). Extending this 
result to overlapping peaks is complicated because the principal 
axes for neighboring peaks may not have the same orientation. As 
an example, a hypothetical situation is illustraled in Figure A I for 
two peaks in which the principal axes, and therefore the oricnla-
lions of the maximum and minimum absorbances, are inclined to 
each other. The sum of the two absorbance peaks at any polarization 
angle, e with respect 10 the reference direction is given by 
11 •••• (0) = A i'~" cos1(9 - 91) + A l"""sin2(0 - 01) + 
Af"·cosi(e - 02) + Af;" ·sin1(9 - 01) (A3) 
where A, and 81 arl' the angles of the lwo 111<\ior prindpal axes 
wi th respect lo the x-axis (see Fig. A I). Using the identities, 
cos2X + sin1X = I, 
cos(X - Y) = cosX cos Y + sinX sin>'. 
cos2X = Yi(I + cos2X), 
we have 
A,.,,,(0) = (Al";" + At ") + (A;••• - Al"'")cos1(0 - 01) + 
(A4) 
(A r'' -A~"'")cos1(9 - 01). (A5} 
A (0) = .!.(;t"'in + A"'"'} + .!.(;t"'•x + ;1min} 
sum 2' t 22 1 
I . . 
+ -(A""'"' - A""")cos2(0 - 0 ) (A6) 2 I I I 
+ .!.( ~na.< - A"';")cos2(0 - O ) 2 - 2 2 
A (0) = ,!. ( .,min + .1mox ) + ,!. ( ./"'" + ./min) 
sum 2 ' 1 ' I 2·2 '2 
+ ~(A;"a.' -A;'';")[cos20cos201 + sin20sin201] (A7) 
+~(II;""' - A;"i")[cos20cos201 + sin20sin202 
A511111 (0) = ~ p+ ~qcos20 + ~rsin20 (A8) 
where 
I I 
q = t<A~·' - A,mm )cos20, = (A~' - A;a11t )cos20t -(A~-·- - A;"'l\ )cos2tl1 . l/\9) 
' I 
r = t (.·f:U' - 1f;"11 )sin20, = (A~' - A:r"")sin201 + (A~' - A~t!l )sin20: 
I I 
Since p, q, and r arc independent constants then we can re-
write them in a convenient form, where 11 is the number of peaks 
considered, which is two in our analysis. We may write any values 
of q and r in terms of their polar coordinates: 
q = (A - a) cos20, 
r = (A - a) sin2¢ (A10) 
where A and a are the maximum and minimum absorbanccs of 
the sum of the two individual peaks, wi th A > a, and ¢ is the 
:111glc or the major axis or tht: eombim:d 1'11111.:t ion to the n.:li:r-
ence direction (see Fig. A I). However, because the polar radius 
is described by two independent variables we can remove one 
degree of freedom by wriling 
p = A + a. (A l I) 
Hence for any values of p, q, and r, we have a unique map-
ping onto the variables A, a, and $. Using the new variables and 
substituting into (Eq. AS) we have 
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90 r axis 
180 
- - - peak I (A1111m. • IO, A_ • :?). l.) 1 • 0 
peak 2 (A~,·S. " - ·· 3). (),• 30 
-- sum (1\ ...,,• 14.58, A_ =S.42). ti>J = 5 44 
F1CUR£ Al. Angular varialion (calculated using Eq. 4) for two 
hypothetical absorption peaks (dotted and dashed lines) with different 
orienta1ions oft he maximum and minimum absorpt ions. The sum of these 
peaks (solid line) is also plotted for each angle. The angular distri bution 
oft he sum also obeys Equation 4. The <p, represents the angle between the 
x-axis and the respective maximum directions of the different peaks. 
t I I . . ~ A,. ,.(O) = :;<A+ a) + :;CA - a)cos20cos2.;+ :;<A - a)sm21Jsm-.; . 
" - - (A 12) 
Using the identities (Eq. A4) we have 
I I 
A,1111,(0) = '2(11 + a) + '2(A -a)cos2(0 - <p) (A 13) 
I I , 
11.,,,,,(0) = 2(11 + a) + '2(A - a)(2cos-(O - <p) - I) 
A.,,,,, (0) = a+ (A - a)cos2 (0 -<p) 
and finally 
A,.m(0) = Acos2 (0 - <!>) + asin2(0 - $). (A14) 
Hence the sum of two fu nctions of the form of Equation 
4 gives another of the same fonn. By repetition the argument 
extends to any number of peaks. 
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